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1 . I am a co-inventor of the subject matter that is described and claimed in the 
above-referenced application. I am currently an Assistant Professor at the Chiba 
University Graduate School of Medicine. I have over 20 years technical experience in 
the fields of Molecular Biology, Cell Biology, Immunology, etc. A copy of my 
curriculum vitae is attached as Appendix A. 

2. G-CSF receptors are a class of proteins that were extraordinarily well 
characterized at the time the application was filed. The structural features, including the 
Immunoglobulin-like domain, the cytokine receptor homologous domain, the three 
fibronectin type III domains, and the intracellular domain, defining this class of 
receptors were also known. For instance, Fukunaga et al. (Cell 61:341-350, 1990; copy 
enclosed as Exhibit A) describes the murine G-CSF receptor sequence and notes that the 
sequence is highly homologous to that of the human G-CSF receptor. Larsen et al. (J. 
Exp. Med. 172:1559-1570, 1990; copy enclosed as Exhibit B) describes the human 
G-CSF receptor sequence. In addition, Fukunaga et al. (EMBO J.: 10:2855-2865, 1991; 
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copy enclosed as Exhibit C) describes functional domains of human and mouse G-CSF 
receptors. In view of the knowledge in the art at the time the application was filed, a 
skilled artisan would readily recognize a G-CSF receptor sequence. 



proteins. The sequences of various members of the estrogen receptor family were 
known at the time the application was filed. For instance, the human estrogen receptor 
sequence was disclosed in a 1 986 publication (see Greene et al.. Science 23 1 : 1 1 50t11 54, 
1986; copy enclosed as Exhibit D). Given that the structure of the estrogen receptor and 
of its estrogen-binding domain was known at the time the application was filed, one 
skilled in the art would readily recognize whether a given sequence is that of an . 
estrogen receptor. Moreover, a skilled artisan, at the time of filing, would have 
recognized an estrogen- binding domain of an estrogen receptor. 

4. All statements made herein of my own knowledge are true and all statements made 
on information and belief are believed to be true; and further these statements were 
made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willfij false statements may jeopardize the validity of 
the application or any patents issued thereon. 



3. Estrogen receptors are part of a conserved and well-characterized family of 
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Current Post: Assistant Professor at Chiba University Graduate School of Medicine 

Education: 

1978- 1982 B.S., Faculty of Science, 

Kyoto University, Kyoto, Japan 
1982-1986 D.S., Faculty of Science, 

Kyoto University, Kyoto, Japan 

Professional Experience: 

1 986 - 1 996 Assistant Professor at Tokyo University of Science 
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Summary 

IWo cONAs encoding the receptor tor murine granulo- 
cyte colony-stimulating factor (G-CSF) were isolated 
from a COM& expression library of mouse myeloid leu- 
kemia NFS-60 cells, and their nucleotide sequences 
were determined. Murine G-CSF receptor expressed in 
COS cells could bind G-CSF with an affinity and speci- 
ficity similar to that of the native receptor expressed 
by mouse NFS-60 cells. The amino acid sequence en- 
coded by the cONAs has demonstrated that murine 
G-GSF receptor is an 812 arhino acid polypeptide (Mr» 
90^4) with a single transmembrane domain. The ex- 
tracellular domain consists of 601 amino acids with a 
region of 220 amino aa'ds that shows a remarkable 
similarity to rat prolactin receptor. The cytoplasmic 
domain of the G^CSF receptor shows a significant 
similarity with parts of the cytoplasmic domain of mu- 
rine interteukin^ receptor. A 3.7 kb mHt^A coding for 
the Q-CSF receptor could be detected in mouse my- 
eloid leukemia NFS-60 and WEH^B D* cells as well 
as In bone marrow cells. 

Introduction 

Production of hematopoietic cells Is regulated by hor- 
nr>one-like growth and differentiation factors called colony- 
stimulating factors (CSFs). CSFs include granuk>cyte col- 
ony-stimulating factor (G-CSF), graaulocyte-macrophage 
colony-stimulating factor (GM-CSF)t macrophage colony- 
stiniulattng factor (M-CSF). and intof1eukin-3 (IL-3) (Mel- 
calf, 1989; Nicola, 1989). G-CSF, produced mainly by 
macrophages, is important in regulating blood levels of 
neutrophils and in actfvaitng mature neutrophils. G-CSF 
stimulates some myeloid leukemia cells to proliferate or to 
differentiate into neutrophilic granutecytes (Nagata, 1990). 

Murine G-CSF and human G-CSF have been purified 
(Nicola et al., 1983; Nomura et al., 1986), and cDNAs en- 
coding G<?SF have been molecularty cloned (Nagata et 
al., I9&6a, 1986b; Souza et al.. 1988; Tsuchiya et al., 
'1986). Human G-CSF Is a 174 amino acid polypeptide, 
while murine G-CSF consists of 178 amino adds. Human, 
and mouse G-CSFs are highly homologous (^.6%) at the 
amino ackJ sequence level, in agreement with the lack al 
species spedfidty between them (Nicola et aL, 1985). AJ- 
though the primary structure ol G-CSF does not show ho- 
mology with other CSFs or growth factors, it has a weak 
similarity with inierieukin-6 (IL-^. which stimulates pro- 



liferation and differentiaUon of B-lymphocytes (Nagata, 
1990). Human G-CSF produced by recombinant DNA 
technology has proven to be a potent regulator of neutro- 
phils in vivo using animal model systems (Tsuchiya et af. , 
1987; rvflcota, 1969). Recent dinicai trials in patients suf- 
fering from a variety of hemopoietic disonlers have shown 
that the administration of Q-CSF is benefk:iaJ in chemo- 
therapy and bone manow transplantation therapy (Mor- 
styn et al.. 1989). 

Despite the btotogtcal importanoeof GCSF. little is known 
about the mechanism of G-CSRnditced signal transduc- 
tion in the proliferation and differentiatton of neutrophilic 
granulocytes. Several reports in human and mouse sys- 
. terns have suggested that the sxprossion of the G-CSF 
■receptor Is restricted to progenitor and mature neutrophils 
and various myelcMd leukemia cells (Nicola and Metcalf, 
1984, 1985; Nicola et aL. 1985; Begfey et al.. 1987^ Paric 
et at.. 1S89). However, the G-CSF receptor has also re- 
cently been found in nonhemopoietio cells, such as hu- 
man endothelial ceRs (Bussolino et aL. 1989} and placenta 
(Uzumaki et al.. 1989). Biochemical characterization of 
the G-CSF receptor has been hampered by the tow num- 
ber of receptors present on the cell surface (al most 1000- 
2000 receptors per cell). A limited number of studies have 
indicated that cells of the neutrophilic lineage have a sin- 
gle class of binding sites for G-CSF with an equilibrium 
dissociation constant of 100-500 pM (Nicola and Metcalf. 
1984; Park et al.. 1989; Uzumaki et al.. 1989). Cross-llnk- 
fng studies of the receptor with the radiolabeled G-CSF 
have suggested a M, of 150,000 for the mouse G<:SF re- 
ceptor in WEHI-3B [T cells (Nicola and Peterson. 1986). 
Recently, we were able to solubilize mouse G-CSF recep- 
tor in an active fomn from NFS-60 cells and succeeded in 
purifying the receptor as a protein with a Mr of 100,000- 
130000 (R. F., E. I., and 5. N.. unpublished data). 

In this wori<, we isolated cDNAs encoding the murine 
G-CSF receptojr from mouse myeloid leukemia HFS-60 
cells. When transfected into COS cells, thecDNA directed 
expression of a receptor that has similar properties to that . 
of the native G-CSF receptor on NFS-60 ceBs. The amino 
acid sequence of the G-CSF receptor indicates that il be- 
longs to the recently identi Hed growth factor receptor fam- 
ily (Bazan, 1989). . 

Results 

Expression Cloning of the G-CSF Receptor cDNA 
To isolate the cDNA coding for the G-CSF receptor, we 
used a COS cell expression system developed to isolate 
the murme erythropoietin receptor pAndrea et al., 1989). 
Double-stranded cDNA was synthesized using mRNA 
from mouse myeloid leukemia NFS-60 ceQs, wt\ich have 
relatively higher expression of the G-CSF receptor than 
other G-CSF-f8Sponsive myeloid leukemia cells, such as 
WEHI-38 D* or 32DCia A cDNA library was constrocted 
in the mammalian expression vector CDM8 (Seed. 1987) 
as 884 pools of 60-80 clones. Rasmid DNAs from each 
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pool were prepared by the boiling method and introduced 
into COS-7 cefis gnTwn in &weQ microtiter plates. At 72 hr 
postlransfection, binding reactions of ''2s|.G-CSF (1-7 x 
10^ cpm (200 pM) in a OJB mi volume) to COS cells were 
carried cut at 37^6 for 2 hr instead of 4^ In order to obtain 
a greater signal P'Andrea et ah, 1989). Under these condi- 
tions, the background binding of labeled G-CSF to trans- 
f ected or untransfected COS cells was routinely 308 ± 38 
(SO) cpm. Plasmid DNAs from two pools (162 and J17) 
yielded binding of SCO cpm and 312 cpm of ^^t-G-CSF, 
respectively, when transfected into COS-7 cells. The bac- 
terial clones of pools 162 and Jf7 were arranged in 12 sub- 
groups of 12 clones each and assayed as above. Some 
subgroups gave positive responses, that is, biruling of 
3710-4010 cpm ol ^l-G-CSF to COS cells. By assaying 
single clones from each posith^e subgroup, two indepen- 
dent clones (pl62 and pJ17) were identified. When plas- 
mid DNAs from pl62 and p J17 were transfected into COS-7 
cells, the binding assay gave values of 30300 cpm and 
31,600 cpm, respectively. 

Binding Characteristics of the aoned Receptor 
The binding characteristics of the G-CSF receptor ex- 
pressed on COS celts were examined. COS cells trans- 
fected with the plasmid COMB or pJ17 were incubated at 
4®C for 4 hr with various concentrations of '25|.G-CSF in 
the presence or absence of at least a 500-fold excess of 
unlabeled &CSF (800 nM). tJntransf ected COS cells or 
COS cells transfected with the CDM8 vector alone did not 
show any significant specific binding of ^2S|,^^p On 
the other hand, labeled G-CSF was bound at 4°C to (he 
COS cells transfected with the plasmid pjl7. As shown In 
Figure 1, a Scatchard analysis of the specific binding of 
^^UG-CSF to COS cells revealed a single spedes of bind- 
ing site with an equilibrium dissodalion constant of 290 
pM and 3L0 x 10^ receptors per cell. If the trar^sfectlon ef- 
ficiency of COS cells was assumed to be 10%--20% (Som*4tf. 
payrac end Danna, i3o1), ths posfttvaty transfectad CCS 
cells probably expressed the recombinant G-CSF recep- 
tor at 15-^0 X 10^ molecules per cell. Since the native 
G<:SF receptor on NFS-60 cells has an equilibrium dis- 
sociation constant of 180 pM (Figure ID), these results 
suggest that the polypeptide coded by the cDNA in the 
plasmid pJ17 is sufficient to express the high-affinity 
receptor for murine G-CSF. 

Human G-CSF competes with mouse G-CSF for bind- 
ing to mouse WEHI-3B D+ cells (Nicola et al., 1985). Ac- 
cordingly, an excess of unlabeled recombinant hun^an 
G-CSFs produced either by mammarian cells or Esche- 
richia coli could compete well with labeled mouse G-CSF 
(or binding to COS cells transfected with the plasmid pJi7 
(Figure 2). No Inhibition of binding of ^»I-G-CSF to COS- 
7 cells was observed In the presence of unlabeled recom- 
binant murine GM-CSF, murine IL-3^ murine IL-6, murine 
leukemia Inhibitory factor (LIF). rat prolactin, or human 
M-CSF. These results correlated wefl with the specificity 
of the native G-CSF receptor or the purified receptor on 
NFS-60 cells (R. F., E. I., and S. N., unpublished data). 

Previously, we observed that the G-CSF receptor puri- 
fied from NFS-60 cells has a M, ol 10O,00O-130p0O. To 
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Figure 1. Bindbig of Radkliodlnatcd G-CSF to COS CeHs Expressing 
the RecomWnanl Q-CSF Receptor and NFS-60 CeBs 

(A) Saturaiitm bindbtg of '»W-CSF to COS ccito. COS oefls (1x10^ 
tnvisfected with the ptasmid pJf? were incubated wtth various smaam 
of *2H<3<;SF with or without on excess of unlabeled 0-CSF as de- 
scribed in the Experimental PrDceduiBs. The specific binding (•} ts 
shown as the diffOTnca between total (O) and rtonspedficC^ bmding. 

(B) Scalchard \M ol 0-CSF binding data In COS ceB& 

(C) Satureiion binding of ^^^-CSF to NFS-60 oeD& %tal p). non- 
specific (A), end specllic (•) binding to ceBs are shown. 

(0) Scaichard plot of G-CSF bkidng data in NFS*€0 ceQs. 



determine the molecular size of the recomblnartt G-CSF 
receptor expressed In COS cells, chemical cross-ltnK- 
ing of the receptor with '25|-G-CSF was carried otiL As 
shcATi in Figure 3, crsss-Hr.kins of the G^F recep»or on 
NFS-60 cells with labeled mouse G-CSF {Mr, 25^00) 
yielded a band with an apparent Mr of 125,000-155^0 
(lane 6), indicating thai Che Mr of the murine GCSF 
receptor on NFS-60 celts is 100^0-130,000 Similarly. 
cross-Hnking of ^25|^ouse G-CSF to the receptor ex-. 
pressed in COS cells gave a ma|or bond of Mr 120,000- 
150,000 Oane 4), which is slightly smaller than that de- 
tected In NFS^ celts. These bands were not observed 
when the cross-ltnking experlmerU was carried out in the 
presence of 1.5 unlabeled G-CSF (lanes 2 and 5) or 
when the cross-linking agents were omitted (lane 3). The 
slightly different Mr observed In COS cells and NFS-60 
cells may be explained by the dif fererUial gtycosylaSion in 
these cell lines. 

The Structure of Murine G-CSF Receptor 
Digestions of the plasmid pJ17 and pl62 with Xhol 
released cONA inserts of 2.2 kb and 3.0 kb, respectively. 
As shown in Figure 4A, the restriction maps of IhesjB in- 
serts were identical except that the 5' terminus of done 
pl62 ts 81 bp longer than that of pJ17 and the 3* terminus 
of the done pJl7 Is 238 bp longer than that of pl62. When 
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Fgure 2. Spedfidty of OCSF Binding to Reoombinant 0-CSF Re- 
ceptor Eicpressed tn COS Cells 

COS cen3 tmnsfected wiih the cONA for th« G-CSF recoptor (pJfT) 
wcf e bcubatsd with 2 ng of ^Hnouse &CSF in the absence cr pres- 
ence of 1 ^ of unlabeled muHne G-CSF, human G-CSE murine GM- 
CSF, human MCSF* murine IL<6C murine UF, or ral prolacitn. As human 
G-CSF, human teoomtrinant GCSFs produced In mouse CI 27 oeRa, in 
Chincise hamster ovary ceOs, or In E, ooO were used. The radioacUvi- 
tlas bound to COS celts in each experiment are expressed as a per- 
centase of thai obtained without competiloc 



the cDNAs were sequenced, the two sequences were 
found to be identical within the overlapping region.. Al- 
though the two cDNAs contained the complete oodtng se- 
quence for the G-CSF receptor, they contained neither ttie 
poly(A) tract nor the po»y(A) addition signal. The cDNA li- 
brary was, therefore, rescreened by colony hybridization 
using the ZS kb Htndlll-Xbal fragment of pJ17 as a probe. 
Fifteen posithre clones were obtained from about 60^000 
donas, and one of them (pFI) had 603 bp of 3' noncodlng 
region and contained two overlapping poly(A) addition sig- 
nals. The composite nucleotide sequence of the three 
cloned cDNAs (pl62, pJ17, and pFl) Is presented in Figure 
5 together with the predicted amino add sequence. There 
Is a long open reading frame starting from the initiation 
codon ATG at nucleotide positions 180-182 and ending at 
the tenminaxton codon TAG at positions 269V-269a The 
open readir>g frame (2511 nucleotides} can code for a pro- 
tein consisting of 837 amino acids, including the NH2^ 
terminal methionine In the 5' sequence upstream of the 
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Figurea Chemk;^Cro994Jniclng of the O-CSF Receptor Depressed 
in cos and NFS^ CeOs 

COS ceOs X 10* cetts/tane) transfected with the ptasmtd pl62 
were incubated with 'i^KG-CSF with (lane Q or wfthout (lanes 3 and 
4} an QEcess of unlabeled murine OCSF and chemically ofos»-finSced 
as described in the Experimental Procedures^ (blouse NFS-eOceOs {3 
X 10^ oetlsftane) were simltafly incubated with usi^j-cSF with (lane 
5) or without (lane 6} an excess of unbbelod GCSF and aoss4infced 
with DSS and DSt The call tysate was analyzed ty SOS-^Eon a 
4%-20% gradient potyacrytamide gal and exposed to X<ay film at 
-80*C lor 2 days with tntensif/tng screens. As size marlcera; **C-^ 
beted notecutar weight standards (ratnbcw marter. Amersham) were 
efectrophoresed in parallel Canes 1 and 7), and sizes of standard pno- 
terns are shown tn kd. 

long open reading frame, three other potential initiation 
codon ATGs can be found at positions 73^ 105, and 12a 
All of these are followed by short open reading frames. De- 
letion of these ATG codons from the cDNA by digesting 
the plasmid pl62 with Hindllt did not increase or decrease 
the expression leVel of the mcombinant GCSF receptor 
in COS cells (R. F. and Sl N., unpublish.ed data). 

The long open reading frame starts with a stretch of hy- 
drophobic amino acids that seems to serve as a signal se- 
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Ftgure 4, Muiine &CSF Receptor cONAs 
(A) Schematic representation and testrtction 
map of three independent cDNAs (pK2, pJl7. 
and pFI) tor murine GCSF recoptot The box 
represents the open reading trama The stip- 
pled end blacdt regions indicata the signal sfr 
quenca and the transmembrane ragbn. re- 
specthffity. The daavage sites tor reUrtctioo 
enzymes are shown. 

(8) Hydropathy plot of the amino acid se- 
quence of murfne O-CSF receptor. The hydrop- 
athy ptot was obtained by the msihod of Kytc 
and DooCtite (1932) using a window ol ten 
residuea The numbers under the plot Indicate 
•po s itio n s ol the amino acid residues of the 
precursor protein. 
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CfcTTCCIO*<>OTC>CTCCTJ>JTCm>Ce OCC l tl I ICXJA UT C O tf UJICTOCACTC*CMTOCTCMCnU>CtO>ICCfcJ>Cn^^ 

JkTC CT* ceo CXC CCA CCC tec ACC CIC ACT CO GTT CK MTC TTC TTC CTA CTC GCC K» M*T CtC CJO ACC 1CT tXK C*C &1C CAC 

M«t T«l CW U< 01* Cr» T1>r L»o Ttir CIt g«l T>r L«tt W>» ttm r«» »r* »«t t— CI* t^r 0» Cly IU« tU 0J» 

" ■ .iu " ' ' -I 1 

KO »0 
ATTTOCCCCXTCTTCrCCCCOCCCCCJkCeCTCTCCTOCCCTCTTCCACCATCACC CCA A AC TCC *0e fcJU CTC CkC Ok* C*C CCX AAC 
Il« Scr Pto Pvo v*l Arg Lm ety Alp fra v«l Ls» iU ter Cr« T^t II* S«x >ro lA»a Cyi Urj Ufa Iam Asp Clo Clt 11* Lya 

10 

<co 

Arc TTA TCC iCA CTC Cajk CAT CAO OCC ATC aa OCT CCCCACACAOkCaTOkTCTCCCTCATCXXAarCAACACTCCCTCAiriCTarC 

lU Am Tcy Arv Lm A»9 n« m tig Cla »ro Cly Uf Afy cis lit Uim X.mi pr« As^ Oly Ttr Qa Cl« Ur b«o lit Tbr U« 
«« so 

ISO 

ecr CAC tw M£j2£»ai oc «ccnccTcrrcTccTTACTBGaTeca>CACAcceTcaaaccsaoTAAccTGACcrTac«CA 

m mtm tKo jAM Tyr tbfl Oa JO* rh* l«a Pba Cra A«« Vtl >ra Trp aia Up Aw T*l 6Ui t«a Uw AAp Gla U» Qls I.A9 BlJ Ala 
AW 

ff fff taY flOC OCT COC ACC CtC TO I 

^laoTi^iiflCira W« Hat Ua 1«b m lAc Aa» Mr Lra Vat Qra ain 

iSO TOO 
ACT CAC CTC OCC ACC ACC TTC Arc CTA AAC ACC TTC A« >CC CCC COC OkC TCT CAC TAC CAA OOC C»C ACC ATC COB C*T TCT CTC CCA 
ttw Via »ro Tbr «tf Ph« lla Lev Lra Car rha A«« tar A/« AU A«p cys Cla T>T eia Cly At» Ibr Ua Ka Aap Cjv «•! Ua 

uo 

AAC AAC ACC CAO JUC AAC TCT TCC ATC COC OCA AAA AAC TTC CTC CtE T%C CAC TAT »T0 CCC ATt TCO CTC CM CCA CAC AAT ATO CTA 
Lira br* Aaa fAap Cya <»r| Il« Fra A«« fcyt Aaa Laa ba« taa fyc nn Tyr Mat AIa Ua ttp *kl 91a Ala Olu Aan Nat tea 

1«D ~' I Of 

«U \ 

ceo rccAcecAcrccccAAAocTCToeacGwoccATCCATCTf-creAAArKeAcecTCCCarxeciccMGcccfecACATrcBcocr 

cly M9X *ts Cia Car Pre kya t«w Cya tea A>p Pre KaC Acy Tsl T^ tya La« Cla Pro »ro flaC la da him La« Arp lla «ly fro 

»0 

ISO 

CAT VTA 01C TCT CAC CAC CCT CCC TCC CTB tCB CTC ACC tCQ AAC OCA TCC AAS COC ACT CAC TAC ATC OJk CAC CAC TCT OAA CTT CCC 
Aap VU m Car Sla Cls Pre Cly Cya Laa irp baa Car Trp lya Pro Tip bya Pro Car Civ Tyr Kat Clu Cln CLo Cy« Cla Ua Ar^ 

120 i«e 

I SCO 10A0 
TAC CAO CCI CAS CTC AAA CCA COC Ak£JEEJ£T CIC CTC TIC CAC CTO CCT TCC ACC AAC CAC CAC TTT CAO CTC TCC CCC CTC CAT CAO 
Tyr Cln pre OlA t«« Ly« Cly Ala 1 A»o Tr» tt>T| Laa Tai rba Nla Xatt Pro c«jc Car Lra Aap CL» rba da baa ^« Cly Lea «!« Cla 

* ' ^ ' W 

110O MSO 
COC CCACrCTACACCCn€»CAtaC«A«eCArT0CC«CATCTCteCCTeGATTC1«AeCCCClCC*CCCCe CCC CTC CAS CTC ACC CCT 
KU Pto VU T>r the ban Cln HM Aiy Cya Sla Arp ««i tax Ua Pro Cly Pti* Itp Car Pro Trp Sar Pro Cly Uo Oln baa Arf Pro 
2M »0 

1100 - 1»0 
ACCATOAUCCCCCCAecA1CACACrCCACACBTmTCrC«BAAOM«aMCr*eA7COOOTACACICACrCTOCACCrQTtCfCCAAO 
nu- Hat bya Ala Pre Tkr lla too Atp TAr Trp Cy» kIb bya tj% Cla l«e A«p Pro Cly Ttir TAl Saa *al CL» Lao »he T«p lyA 

W 



TCC AW; ACT AC9 0>C CtC ACC tOT ATCTTCCTCCTCCCCTCACAeceC CAC AAC CTS ACC O 
cya lfcaa Tta Tnrl Oa baa Car Cya lU PAa U« Leo Pro Sat Clo Al* Clo lAan ral Ttel b 

14S0 ISO« 

TC» OCT ACT ACA CTO CTT TTC CTC CAC AAC CAA CCT OCA OCT CTC ACC CCA CTC CAT CCC ATC CCC CAA CAC CTT AAC ACC ATC ICQ CTA 

S«r TVB Thr n» Vol Val Pha bm Cla Aao Gla Cly Pra Ua Tal Thx Cly baa ita Ala Itet Aba Cla Aap Lau Aan Tha lla TTp *»1 
400 «» 

issa 1(00 

CAC TCQ CAA CCC OCC AA OT CTO OCT CAO CCC TAT CTT ATT SAB TCS OAA ATC ACT TCT OOC ACC TAC AAT AAC ACC TaT AAO TCC TCO 

Ajip Trp ea« Ala Prv Car baa bav Pro Cln Cly Tyr baa lla Clo Trp Cla tet Car tar Pro Car Tyr) A an Ak d UrlTyr bye tar Trp 

4«0 

UtO 1T09 

ATC AT* CAA CCT AaC CCO AAC ATC ACT CCA ATT CTC TTA AAC CAC AAC ATA AAT CCC TTT CAC CTC TaC ACA ATT ACA CTC CCI CCC CTQ 

Hat lla Cla Pco Aan Cly [Aaa lla thrl Cly UA Ua baa by* Aip Aaa Ua Aan Pra Fka Cln baa Tyr Arg Ua m V»l Ala Pro baa 

4« 410 

1710 

TAC CCA OOC ATC OTC COA CCC OCT CTA AAT CTC TAC KCC TTC CCT OCA CAC ACA CCT CCT OCT CAT CCT CCA CCO CTO OT CTA AAC QT 

Tyr Pro Clr Sla Cly pa« rr« «kl Am TAl Tyr Tlkr Tlw Ala Cly Cla Ar* Ala Pro Pra Ala AU Pro Ala baw Ma baa ly* Ilia 

soo 

1130 

Orr COC AO ACC TCC CCA CAC CTC CM TOO OA OCT CAO COC CCT ACC CK COC ATO ATa CCC CTC ACC CAC TAC ACC ATC nC toe CCC 
VAl Cir TAr Trp XU Cln bow eiu Txp Val Pro Cla Ala fro Acf Ua Cly Kat Ua Pro Ua Tax aia Tyx Ttr Ua ttm Trp Ala 
S70 P40 

CAT OCT OOC CAC CtC TCC TTC fCC CTC ACC CTA AAC ATC TCC CTC CAT CAC TTT OTC CTC AaC CAC CTC OAC CCC CCC ACT TTC TAT CAT 
A9P AU Ct> A«p «la tat PtM Cra «b1 Thr Ua lAaa »ia ATH baa lU Aap Pk« Val Ua bya Rla baa Clo Pro Ua Car b«« Tyr M* 

' '«0 

1000 so»o 
CTC TAC CTC ATC CCC ACC ACT OCA CO COC TCC ACC ACT ACA , CCCCrrbCCCTCAQCACeCCACAT CCA TCT CAC TTA AAC ATT TTC 

Val Tyr Im NaC AU TAi Car Arf Ala Clp Car Tl>c | Aan Car Tttrj Oly ban TVr bao Arf Thr bee Arp Pro Sar Ata Ua A»»i Ha P^> 

2100 . }ise 

CTC CCC AtA CTT TCC TTA CTA CTC TTC TOC ACT ACC TCT OTA CTC ACC TCC CTC TCC TCC AAA CCC ACA CCA AAC ACT TCC TTC TCC TO 
t^a Cly 11* Uo Cya bao Val Law l^o laf Thr Tha Cya Val Val thr Trp Cya Cya Lya Arg Art My byi Tlu Car P»a Trp Car 

2100 

CAT CTC CCA CAC CCA COC CAC ACT ACC CTC ACC TCC TCC TTO OCC ACC ATC ATC ACA CAC CAA ACC TTC CAQ TTA CCC ACC TTC TCO CAC 
Aap Vkl Pra Acp Pro Ala RU-Car Car taa Car Car Trp Ua Pra Tlv lla Hat Thr Cla Clo Titr Ptw Cln b«v Pro Car PAa Trp Aay 
ttO CCO 

1100 

TCC ACC cm CCA TCA ATC ACC AAC ATC ACT CAA CTC CAC CAA CAC AAO AAA CCO ACC OtC TCO CAT TOC CAA AOC TCT COO ,A»T COT ACC 
S€X Car Val Pro Car ria Thr Lya Xla tkr Cta bee Clu Ua Aap bya Lya Pro Tnr «t TTp Aap c«r Clo Car Car Cly l akb ol r »"l 

4,0 ' ' 

12S0 1100 
CTT CCA COC CTC CTT CAO CCC TAT CTO CTC CAA CCA GAT CCA ASA CAA AtT TOC AAC CAfl TOC CAO OCT OCC TCT CSC ACT CCT CAC CAO 
baa Pro aU bn val cla Ua Tyr ral taa Cla Cly Aip Pro Ara cla Ua SarlAan Cla Sari Cla Pre Pro Gar Are Thr cly Aap Cla 
TOO ' ' 730 

2<t0 UOO 
CTC CTC TAT CCT CAC CTC CTT CAC ACC CCC ACC AOC CCA OCA OTA ATC CAC TAC ATT CCC TCT CAC TOC ACT CAC CCC CTC TTC CCC OCC 
V«l baa Tyi Cly Cln Val Ua Clw Car Pro Thr tar Pre Cly Val fat Cla Ty* Ha Arp faa Aap par VbM Ola Pro Ua Ua Cly Oty 

74 0 

lit* (MO 
CCC ACC Ca ACC CCr AAA TCT TAT CAAAACATCTCC TTCCAJTCaACACCC CAC OAC ACC TTT CTC CCC CAA CCT CCA AAC CAO CAA CAT 
Pra Ttr Pra Car Pro bya tar Tyr Cla A»a lla Trp Pha Ul Car Ary Pra OIa CU Tltx PA* Val Pto Cln rr« Pra Aan Cln Cla Aap 
TCO 710 

2CS0 iTog 

CAC TCT CTC TTT CCC CCT CCA TTT GAT TTT COC CTC TTT CAC CCC CTC C»C CTC CAT CCA CTT CAA CAA CAA CCO CCT TTC TAC AACTTTC 
Arp Cya val Pha Oly Pro Pro P«M Aap Pba Pro b«a Pha Cla Cly baa Cla TaI Pit Cly TO Cla Cla CU Cly Up fte EM 

27 H 3 poo 

C bbb T tX TTCIATCTTCAACACCCT C O C CTATTCACAC B ACAA C A C CCCI006C^O^ATCTbCTCCCCCT0ACA CA A0CAOuacSCCCAC^ b ^CTC^ CIC t b T C IT^CC CCCTACCAC 

2t30 2 too 

CtCTCCTCTACTCTCACCTTCTCAOOCnTAOCCTC ACCTCACCCACTCTCACACTCT A ACCrrCAOTACATA CnCTTACAOCOCAAKGICACCATTCCTCTTrCATArAATTTCA 

IIIO JflOO )OS0 

CTCCATTgiACTCATTCTAOCrrrrCACTTTgCCCT CC TATTTTCACAJUITTCTOeCTCCATCTCeTOCTACATOCCTACCATCIgAACATCW 
J100 ItM 



AAATTAACeAAAACCr gy H JItAATAAA C 'l 1 1 1 P i T U TCAC 
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quence. By comparing the 5' portion of the sequence with 
typical signal peptide cleavage sites (von Hetjne. 1966}, 
the 26th amino acid (Cys) from the initiation codon was 
tentativety assigned as the first amino acid of the mature 
protein. The mature murine G-CSF receptor thus would 
consist of 812 amino apids with a calculated of 90,914, 
which is SP0CK35P00 smaller than the Mr (9S.OOO-12S;000) 
estimated from the cross-linking experiment (Hgure 3) or 
the 1^, of the purified murine G^SF receptor (R. F., E. I., 
and S. N., unpublished data}. The difference is probably 
due to the attachment of sugar moieties to some of the 11 
putative fyf-glycosytation sites (AsrvX-ThrfSer} found on the 
extcacelluiar domain of the G-CSF receptor (Rgure 5). A 
hydropathy plot (Kyte and Dooiittle, 1982) of the amino 
add sequence of the mature G-CSF receptor (Ftgure 48} 
revealed a stretch of 24 uncharged amino acids extending 
from l^u-602 to Cys-eSS, which is followed by three basic 
amino acids. These properties are consistent with those 
ot^rved In the membrane^panning segments of many 
proteins (Sat}atini et al., 1982). The mature G-CSF recep- 
tor thus appears to con^st of an extracellular domain of 
601 amino acids, a membrane-spanning domain of 24 
arriino acids, and a cytoplasmic domain of 187 amino 
acids. The NHrtenninal half of the extracellular domain 
is abundant in cyste'uie residues (17 residues in 373 amino 
adds), which seems to be a feature common to the ligand- 
binding domain of many receptors (McDonald et al., 1989). 
As found in the erythropoietin receptor (DAndrea et al., 
1989), the G-CSF receptor Is rich In proline (80 residues, 
95%). Furthermore, the content of tryptophan residues in 
murine G^SF receptor Is relattvety high (26 residues. 
a2%), although they show no particular area of localiza- 
tion within the receptor. 

Expression of the G-CSF Receptor mRNA 

G-CSF stimulates the proliferation of mouse myeloid leu- 
kemia NFS-60 cells, while WEHWB D* cells can be in- 
duced to differentiate into monocytes and granulocytes by 
G-CSF (Nagata, 1990). To determine whether the same 
mRMA is expressed in NFS-60 and WEHI-3B celts. 
Northern hybridization was carried out using the cDI^JA 
from plasmid pJl7. As shown in Figure 6^ a a7 kb mRNA 
„ could be detected In RNAs frpm NFS-60 cells (lanes 2 arui 
3) as well as from WEHI-3B D* cells (lane 5). The amount 
of mRNA for the G-CSF receptor is.about ten times higher 
in NFS-60 cells than In WEHI-3S D* cells, wrtuch agrees 
with our observation that NFS-6b cells bind three to four 
times more i2S|.g.csF than WEHWB D+ cells (unpub- 
lished data), in contrast, no transcript for the G-CSF re- 
ceptor was detected in RNAs from other mouse myeloid 
leukemia F0C-P1 ceils (lane 4}, which do not respond to 
G-CSF, or from nonhemopoietic cell lines such as L929 
(lane 1) or CI 271 (data not shown). When mRNA expres- 
sion was examined in various mouse tissues, only bone 
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Figuraa Northern Hybridization Anatysis of Murine G-CSF Rooeptor 
mRNA 

Total RNA or poly(>^ HNA was prepared tnm mousa coS Gnss: L329 
(tarte 1>, NFS^ (lane^ 2 and 3), FDC-P1 (lane 4}, and WEHK3B 
(lane Sy, or fmm mouse tissues: tirafri (tme 6), lung (tane 7). spteen 
Oane 6}, bono mamw 0anQ 9), Irver (lane 10), and kidney (tane 1 1). Total 
ANA (30 MS) (lanes 1 and 3-11) or 2 pg of paly(A) RNA (lane ^ was 
elactrophomsed on a 13% agarose oel containing &fiH^ rormaldehyde 
and anatyzed t>/ Nonhem hybridization as descra}ed In the Expert- 
menlsl Procedures. 



marrow cells gave a signal con-esponding to the 3 J kb 
mRNA (lane 9). The similar size of the mHNAs observed 
In bone marrow cells and NFS-60 ceils suggests that the 
authentic mRNA for the G-CSF receptor is expressed in 
mouse myeloid leukemia NFS^O ceils. 

Discussion 

The mechanisms of signal transduction induced by vari- 
ous hemopoietic growth and differentiation factors, indudk 
ing G-CSF, are not fully understood, in part because their 
receptors are expressed in tow levels on the cell surfaca 
Recently, receptors for several cytoldnes and lymptwkines 
have been molecularly cloned by various techniques (Ya- 
masakietal.»1968; Moslayetal., 1989; Hatakeyamaetal., 
1989; CXAndrea et al., 1989; Gearing et al., 1989; Itoh et 
af., 1990). To isolate the cDNA for the G^SF receptor, we 
used the expresswn cloning method developed by OAn- 
drea et al. (1989). We chose this method since a ^ngle 



Frgure & Nucleoitde Sequence and Predicted Amino Add Sequence ct tho Murine G-CSF Receptor cDNA 

Numbers above and below each line refer to the nudeoUde position and amino add position, respectively. Amino adds are numbered starting al 
Cys-1 of the mature &C6F reoeptoi. On the amino add seouence, the signal sequence and the trerumembrarte domain are underlined. Two overlap- 
ping potytA) addition signals (AAIAAA) are also undeHtnsd. Potential N-grycosy1atton sites (AsrvX-SeffThr) OUn the extracellular domain and 2 In 
the cytoplasmic domain] are boxed. 
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C-CSFRt 96)(S]Y 
PRLR < DOS 

cons 

C-CSFR(146) OCc'dTtIi A KP gR - 

GHR < 76) w[Y;0;e w r Ie CP d Ym s aLgJ 

cons C 



G-CSFR<194) C[3d|pSd . 
RPLR ( S4) YlVD V T YU 
CHR (124) s|vjd|e[|3- 
cons { 

G-CSrR<240 
RPLR (142) 
GHR (172) 
cons 

G-C5?R(291)[I 
RPLR (207) i. 
GHR (21S)il 
cons 




uttpKl orAprriiG pfD ^.sjH Q pis^cpwEsn 

ff E P Pte N[flTME v.- K'g.L3 - D KHffc T Y^'V^Wl 
iPf^P PrU AlLTN W TlL^L N V ^ ijQ l\R AjDgJolaRh 



plwrSPis" 



- M E QE C E 



YlvJjlL]p[Q«MgjQ FTC Egjog 



LljKWl?'£lLrY PlSO K 
^P|y^Yt]LjgVP KE 




B 

C-CSFR(376) fTjLnrslE A OfNTvlTlLlvlAlYlNlK AlGlTrrr:- - Pffl'ffvlv'PlL BW'g'fifpf^;- - vmGfLjH A H A 0 D L H 

coNTAC (745) i«!p|p s|t q i( lQlv|KLv;K|3FEiJs kIgJdig p;F s l |t|a|v|i YiS AiOD AlPlTi S V PliJoiYjs V K V L S S S 



G-CSFR 
CONTAC 



(422) TfllwfvlDfwlE A pJsIl LiPl-ioTGYlLmE -RRb M S S PrSiY[M'|B S Y HfTt'lP V GJhIi TfGjl L 

(795) EtlJslv|s|w|H H V[r;E K!s!V! e1g y| q|i|r Y\V}h l*jHL?jK E A A<^Q RC?.gijv S N^gjE YjS;T K 



G-CSFR (470) ronplNrPlPQ LfVlRmTlWA'PlL YiTfi]! vPTrTiV N V X T F Ar5[EjRnrr5]a A PfSjL BfTlK HP 
CONTAC (840) iE^KlLtKlpJw T RlilHjlJo(vj.^JP M^S.^iG y Ig P Pj s R T I D I I!T!R !K[a P pJ s Q RiPJR iUJ S Sfc 



G-CSFR (519) Ft^'W A q[lIe|w|v P B Afp]R L C WltP L;T HfYlTfilFiVKA D AfcTofBlS F^flv T L N lJS|LfH]D F H'M 
CONTAC(890) ISIR Y l!i;T(ff|D H V K'AjM S W E SjA V;E Gli|K!VjL»y!R P d|g|q|b|e -'CIR L P S TiGIKlHjT I Bffi;- Pffi 



G-CSPR(569) 
CONTAC (938) 



EfPlAfS;LfY]Hf\^YfLlMfA]T S RlXISlsfT^SjfiCH^TfLiRrTlL DfTi 
PlSjD^GjElijvlvlELviRlAjH N BiGlGjDLQJEJV'^QU;KlljSlGjA TLA,GjV 



S;D 



G-CSFR (602) 
ZL-4R (209) 

G-CSFR (652) 
IL-4R (253) 

G-CSFR (672) 
IL-4R (537) 

G-CSFR (722) 
IL-4R (604) 

G-CSFR (76 9) 
IL-4R (654) 



3vfL!L S T T C V VffTWtL C Cf RlR'TWC K T SfrTOlsnrVia DIP AIRI^SIlIs S p:T; 

ici& Irtiy elilFi 5 I fig i;kjk i - -;w(wId;p iIpItIp aIrIsIpID- - - - v;ft; 



|llM>iB*gT!F(0inPlS F\W^S S V Pfgll 

lilijiiop A!-|q|v|pI- l|w dIk q t rIsJq 



266 a. a. 



TlKfirTlE LOe'E'D K KfH't^H W DRIE SfSlSlN Gr5;Lrp"AlI[^';Qr«; Y VfL]Q[CD]P]R B ir5]N 0;S]Q P ^T^'^ 
v|r|q!g|a A[QjiP G vlgCiV R pIsIg Oip]G|Y K^jFiS„sjL).L]S'^N GtljRLr " 



rflGlD 0 V L y G 00- i^:EfT?ltTqp[5-ViM QrS:VfrjR«-5i-fq?^Q[pT|LT5lGprt: 
!g|g|y k p p 0 h pcgp Wjo ls p|s |s|v*p l.f T^jG'.Ljp'.T EjLlslPtsIp l|w:s:d|p|p: 

l-ft* fIqIgTlIo vIhIc V e e 
!|iiy.XiS;slijT cIh)l c g h 



LDLTj ;A;A AigT D O^C HJ 

tlPlSnFlK S Y ENfl^HF 
kIs p|p E C L GiLjEL 



H SpR p1Q:EiT F V'PjOfPPlHlQ'SllD D C V 
G L'J5jG;GyO;S V K:A«p !p P| A3> QiV P K P 



Fg|P P F DfFlP 
DDL gIfIGI 



95 



317 375 



601 



812 



TM 



Rgure 7 Comparison of the Amino Add Sequence of the G-CSF Receptor with Thai of Other Growth Factor Receptors 

(A) AGgnmont of the G-CSF receptor with prolactin and growth hormone rscaptors. The am^ acid sequence from 98 to 3t7 of the murfne G-CSF 
receptor is aligned wUf) rat prdectbi and human gmtft hormone receptors to ghre maximum homology tjy introdudng several gaps ( - ). Identical 
restduej in two sequences ere endosed by sofid (jnes. artd residues regarded as tavored substttinions ere enctosed by broken lines. Favored amlRo 
add substKuttons are defined as pairs of residues t}etonomg to one ol ihe following groups: S, T. P. A, arut G: N« U E, and O: K R. and K; M, I. 
U, and V; F, Y, and W. Amirto adds conserved In nine memt>ers ol the growth factor receptor family (GCSF, prolactin, growth hormone. erythrop(setin. 
QM-CSF, lt-29. It-^ II.-4, and D-6) are shown under each Gne with or without brackets. The residues wHhoul brackets ere conserved in more Oian 
eight memtxers, aruj the residues with breictets are oonsened in Ove to seven members In the family. 

(B) Alignment of ttie G-CSF receptor wHh oontacttn. The amino edd sequence from 376 to 601 of the mouse G-CSF receptor Is sTtgned whh the 
amino acid sequence of chicten oomectin as described tri (A). 



Motecutar Cloning o. ^ne &CSF Receptor 
307* 



polypepllde purified from NFS-60 cells is suffrdent lo bind 
G-CSF whh a high alflnity (R. F., E. 1.. and a N., unpub- 
lished data) and little background binding of G-CSF to 
COS cells is observed. 

Expression of the cloned cDNA gave rise to a protein 
that shows the same binding properties as those of the 
G-CSF receptor in mouse NFS^O cella. Recombinant and 
native G-CSF receptors could bind '»I-G-CSF with a dis- 
sociation constant of 200-300 pM (Figure 1), coutd specifi- 
cally bind mouse G-CSF or human G-CSF, but could not 
bind other growth and differentiation factors such as IL-3» 
GM-CSF, M-CSF. IL-€, LIF, and prolactin (Rgure 2). Fur- 
thermore, the cross-linking experiment indicated that the 
Mf of the recombinant G-CSF receptor (100.000-130,000) 
expressed in COS cells is similar to that of the G-CSF 
receptor purified from NFS-60 cells or the polypeptide 
cross-linked In NFS-60 ceils (Rgure 0). These results indi- 
cate that the G-CSF binding protein in NFS« celis is 
cod«d by the clonsd cONA. Howevec; upon stimulation by 
G-CSF, it is not known whether this polypeptide alone can 
transduce the signal Into cells or whether other proteins 
are required to form afunctional receptor capable of con- 
ferring G-CSF responshreness. 

The amino acid sequence of murine GCSF receptor 
(Rgure S) has many properties comnwwily found in the 
receptors for growth and differentiation factors (McDonald 
et al., 1989). It has a signal sequence at the N-terminal 
and a single transmembrane domain, suggesting that the 
N-terminal part of the molecule is extracellular and the 
C-terminal part rennains Inside the ceil. Within the lirst 80 
amino acids of the mature G-CSF receptor are four cys- 
teines, two of which (Cys-21 and Cys-77) are organized in 
a manner characteristic of receptors of the immunoglobu- 
lin superfamily (WaHams and Barclay, 1988). However, the 
sequence between these two cysteine residues does not 
seem to fulfill the criteria for recognition as a member of 
the immunoglobulin superfamily (Wiilianis and Barclay, 
1988). 

Comparison of the amino acid sequence of the G-CSF 
receptor with al) sequences In the National Bbmedical Re- 
search Foundation data base revealed that one part of the 
extracellular domain of the G-CSF receptor has remark- 
able similarities with the prolactin receptor and another 
part has remarkable similarilies.wilh contactin (Figure 7). 
Prolactin Is an anterior pituitary hormone and belongs to 
the family consisting of growth hormone, prolactin, and 
placental lactogen (Cooke et al., 1981). The amino acid se- 
quences of human prolactin and growth hormone show a 
homology of 48% when conservative changes In amino 
acids are included. Accordingly, as shown In Figure 7A, 
the entire extracellular domain of the prolactin receptor 
(210 amino acids; Boutin et al., 1988) has a similarrty of 



412% (60 identical amino acids and 38 homologous ami- 
no acids) with a domain of the growth honmone receptor 
(Leung et al., 1987). To some extern, growth hormone com- 
petes with prolactin in binding to the prolactin receptor 
(Boutin et al., 1988) and vice versa (Leung et aJ., 1987). 
When the amino add sequence from 96 to 31761 the mouse 
G-CSF receptor was aligned with the extracellular domain 
of the rat prolactin receptoi; 54 of 227 amino acids were 
identical and 40 more represented conservative substitu- 
tions, yielding an overan similarity of 41.4%. The regions 
homologous between G-CSF and prolactin receptors are 
not well conserved in the growth hormone receptor, result- 
ing in a kiw simnarily (34.4%) between G-CSF and growth 
hormone receptors. Despite the similarity in amino acid 
sequence of the extracellular domains of the G-CSF and 
prolactin receptors, a 500-fold excess of unlabeled ral pro- 
lactin did not inhibit the binding of i»J-G-CSF to the re- 
combinant G-CSF receptor expressed In COS cefls (Rg- 
ure 2). This is consistent with the fact that the amino add 
sequence of G-CSF has no significam homology to thai 
of prolactin. These results may suggest that regions of the 
extracellular domain of the G-CSF receptor that are not 
similar to the prolactin receptor are required for the bind- 
ing of G-CSF. In this regard, it is notable that the extracel- 
lular domain of the G-CSF receptor is 391 amino adds 
larger than that of the prolactin receptor 

When the sequences of the ligand binding domairvs of 
growth factor receptors were compiled, it was suggested 
that the receptors for growth hormone, prolactin, eryth- 
ropoietin, and IL-8^ as well as for the p chain of the IL-2 
receptor, belong to a novel receptor family (Bazan, 1989). 
Recently isolated receptors for IL-4 (Mosley et at, 1989), 
IL-3 (Itoh et al., 1990), and GM-CSF (Gearing et al., 1989) 
are also members of this receptor family. The consensus 
amino adds in the famUy are indicated in Figure 7A. In the 
G-CSF receptor, the consensus cysteine and tryptophan 
residues are consen«d, and the "WSXWS* motif (Gearing 
et al., 1989; Itoh et al., 1990) is also found at amino add 
residues 294-298; this suggests thai the G-CSF receptor 
belongs to the family. In this comparison of the G-CSF 
receptor with other hemopoietic growth factor receptors, 
it may be noteworthy that the slmflarity of the G-CSF and 
IL-8 receptors is less pronounced than that of the G-CSF 
and prolactin receptors, although G-CSF and IL-6 have a 
similarity of 44.6% (Nagata. 1990). 

As shown In Rgure 7B, the amino acid sequence from 
376 to 601 in the extracellular domain ot the G-CSF recep- 
tor has a signif icarU similarity (42j9%) with a part of the 
extracellutar domain of chicken contactin (Ranscht, 1988). 
Contactin is a neuronal cell surface glycoprotein of 130 kd 
and seems to be involved in cellular communication in the 
nervous system. Because the region from amino acW 



(C) ATignment of the G-CSF receptor wilh the IL-ft receptof. The amino ecW sequence rrom 602 to 808 of the mouse G^^SF receptor Is afigned with 
two corresponding regkins oJ mouse IL-4 receptor as above. 

(D) Schcniatte representation of the mouse G-CSF receptor. The box indlcalas the mature G^F recoptoi: TM" reproscnte the Uansmsmbranc 
domairiL Region "K Indicates a domain (222 amino atsds) wUh simiUrit/ to other growth lactor receptors, including prolactin and growth hormone 
receptors, and contains the -WSJCWS" motil. fteglon "B" (226 amino acids) of the mouse &CSF receptor shows similarity to chUten contactin. Region 
X: (21t amino acida) indudes ihe transmembrane domain (undetflned) and the cytopCasmic domain o! the G-CSF receptor and a simflar to two 
re^ons o( (he mouse tL-4 receptot 



CeO 
346 



residues 737-818 of contactih can be aligned whh the 
fibronectin type lU segment fnvoMng binding to cells, 
heparin, and DNA, \X Is possible that this region plays an 
important role fn cell adhesion (Ranscht. 1968). Granulo- 
polests oocuis daily in bone marrow; and the direct inter- 
action at the neutrophilic progenitor cells with the bone 
marrow stroma celts has been proposed (Roberts et al., 
1988). The simitarity of part of the extracellular domain of 
'the G-CSF receptor with contactin rrtay suggest that this 
region is involved in the communication of neutrophilic 
progenitor cells and stroma cells^ 

The cytoplasmic domain consists of 187 amino acids 
and does not show any homology with the catalytic do- 
main of the protein kinase family (Hanks el al., 1988). As 
observed in other growth factor receptors (Hatakeyama et 
al., 1989: Mosley et al., 1989). this region is rich in serine 
(12-8%) and proline (12-3%). When the transmembrane 
and cytoplasmic domains of the G-CSF receptor were 
aligned with the amino acid sequences of other growth 
factor receptors, a significant similarity with the IL-4 recep- 
tor was found. As shown in Rgure 7C, the transmembrane 
domain and the first 46 amino acids of the cytoplasmic do- 
main of the (a-CSF receptor are homologous (50lO%) to 
the oorrespondirtg regions of the murine IL-4 receptor. 
Furthermore, amino add residues 672-608 of the G-CSF 
receptor show significant similarity (45.4%) with amino 
acid residues 557-694 of the lL-4 receptor. These results 
suggest that signal trarisductton by G^F and tL-4 may 
be mediated by a similar mechanism. ■ 

The a7 kb mRNA for the GCSF receptor was detected 
not only in NFS-60 cells but also in WEHI-3B cells 
(Rgure 6), suggesting that the same G-CSF receptor is in- 
volved in (a-CSNnduced proliferation of NFS-60 cells and 
differentiation of WEHWB D+ cella The different effects 
of G-CSF on NF&€0 and WEH1-3B 0+ cells may there- 
fore be mediated by different signal transduction mecha- 
nisms downstream of the receptoi: in this regard, it is in- 
teresting that the o-rrr/i) and evh^ loci, which appear to be 
involved in differentiation of myeloid celts, are rearranged 
in NFS-60 cells but not in WEHI-3B D* cells (Morishita et 
al., 1988). When RNAs from several mouse tissues were 
examined, the transcript for the G-CSF receptor was de- 
tected only in l>one marrow cells that contain the progeni- 
tor for neutrophilic granulocytes. However, since G-CSF 
has some effect on hone remodeling (M. Y. Lee. R. F, 
T. J. Lee, J. L Lottsfeldt, and S. fM., submitted) and gnw/th 
of endothelial celts (Bussolino et al., 1989). a low-level ex- 
pression of the G-CSF receptor In other tissues cannot be 
ruled out. Under low-stringency hybridization. mRNA tor 
the human G-CSF receptor could be detected in some hu- 
man myeloid leukemia cells (R. F., Y. S, and S. N., unputh 
fished data) using mouse G-CSF receptor cDNA as a 
proba Availability of cDNA for the human G-CSF receptor 
would be valuable fn the screening of various leukemia 
cells from human patients for the expression of the G-CSF 
receptor before treatment of the patients'with G-CSF (Mor- 
slyn et al., 1989). Furthermore, the soluble form of the 
G-CSF receptor may be useful clinically to inhibit the 
proliferation of some human myeloid leukemia celts that 
are dependent upon G-CSF (Santoli et al. 1987). 



Experimental Procmhires 
Celts 

Mouse myetoid leuterma NF&60 ceOs O^teinstiBin Bt al., 1986; Idntfl/ 
pnMded trf 1 (Me, St Jutfe ChBctren'^ Rese&ich Hospttai) were grewn 
tnRPMI tS40 rnadiumsuppleTn8medWith'lO%(etaJc&fl3emfn(FCS) 
end 10-^ U/ml of rscombinant mouse IL-a C0S-7ce{h were routlrtely 
mabtarned fn a Dutbeccoi^ rr^dlGed Esgl^ medhim (DMEM) co^ 
ing 10%FC& 

Recomblnanl Colony^timulaltng Poeton 
Human lecombinanl Q-CSf was purified trom medKim oondHioned 
with mouse C1271 cetts. wtticft ware transformed with the bovtrts pttpft' 
lomavtrus expression vector (Fulcunaga et al., 1S84) can7lng human 
G-CSF cONA O&udiiya et al., 1987). Mouse G-CSF was produced by 
using a stmDar expression system and purified to homogeneily (R 
E. I., and S. N.. unpubfished data). Human recomtwiant G-CSF and 
M-CSF produced bf Chinese hamster ovary celb ware provided by 
Chugat PharmaceuticaJ Co. Human recombinant GCSF pfoduced by 
E. coH was purchased (fon^ Amarsham. Mouse recombinartt IL^ and 
GM-CSF were generous gtfts from Dr. A. Mtya^ma and K. Aral (DNAX 
Instimte). Mouse recombinant fL-e and mouse recombinant UF were 
generousty provided t;y Oi T. Hlrano (Osaka irnVeraity) and N. Nicola 
(V^tar EDza KaS tnslftutB)» respectivety. Rot prolactin was purchased 
from Chemicon Intenia^ornl, tnc 

Mouse recombinant G-CSF was radioiodinatad by the tOOO<3EN 
method (Froker and Speck, 1978) with a $rtghtmodirtcation(R F.,E. U 
and S. Ku unpublished data). Specific radioactivtties ranged from 6-6 
X 10* cpm/hg protein (1200-1600 opm/bnol). 

Construction of the COMB cOMA LQuwy 
Tot^ RNA was prepared trom cxijoneniiaDy gtewing NFS^ oeOs by 
the guanidine isofhiocyanatefCsO method (Chirgwtn et al., 1979). and 
pdy(A) RNA was satacted by offgo<dT>ceOulose column chromatogra- 
phy. Ooubte-stranded cOfiA was synthesized as described (Nagata el 
al., 1986a) using a kitfrom Amersham, except tor the reverse transcrip- 
tase, which was purchased from SeOcagaiai Kogyo Ca Addition of 
BstXI rronparmdromtc Gntere tottie blunt^end cONA ami sIzq fnacdorv 
atlon of cONA on a 1% agarose gel wvo performed using a kit trom 
frrvitfogen. cONA larger than' 13 kb was recovered trom the gel and 
llgated to BstXHUgesled C0M8 vector (Seed. 1987). E. coTi MC1081/p3 
oells were transformed with the Bgated DNA by the electroporstion 
method as described (Dower et sL. 18B8). 

DNA Preparation 

A total ol 6 X 10* bacterial colonies were plated on agar at a density 
of 60-80 colonies per well usir^ S^-weQ microtiter fdates, and gtycerol 
cultures for each pool of colonies were prepared. LB broth was 'moa^ 
lated with aSquots trom each glycerol culture, arKi plasmtd DNAs were 
prepared the boiling method (M aniatis'et aL. 1882) followed by phe- 
nol extraction and ethanol predr^talcorL 

Transfectlon of COS^ Ceds 

Monolayere of CO&-7 ceDs were grown tn &weQ micratiter plates, and 
transfectlon of plasmid DNA into COS-7 ceOs was carried out by a mod- . 
ificatton of the DEAE-daxtian method (Sompayrac and Darata, 1981). 
In brief, about SO^A oonftuem cdb were washed three times wSh soum- 
free OMEM and incubated lor 6 hr at with 06 ml o I O^AElVl conbirv 
ing 50 mM IKs-HQ (pH 73), 03 mg/tvi DEAE-iiextraji. and 1 pg of plas- 
mid DMA. After glycerot shock with Tris-HCt^ffared saltrte containing 
2W,h g}ycerd for 2 min atreom temperaturei, cells ware washed hvice 
with OMEM and Incubated In OMB/I conialrdng 10% FCS 

Screerdng of Transtectants of COS-7 CeOs 
Al 72 hr after transfectioa COS-l ceAs were washed with DME^4 con- 
taining 10% FCS and 20 mM HEPES (pH 7^ (binding medium) and 
Incubated at ZTC lor 2 hr wfth 1.7 x 10^ cpm (200 pM) of ''■f-GCSF 
in a6 ml of the tnnding medium. Unbound radtoiodlnaled G^F was 
removed, and cells were successlvefy washed three times with phos- 
phate-buffered saline (PBS) supplemented with 07 mM CaQ^ end OS 
mM MgCb and once with PBS. Celb were then recovered by trypstni- 
zallon, and the radioactivity aseociaied with cells was counted using 
an AUTOGAMMA 5000 MINAXl rcounter (Packanl). Backgmund 
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blwfing ot "*+<3-CSF to COS-7 ceUs Iransfecicd vdUi tha COMa vec* 
tor was 308 ± 38 (SO) cpm. Two posidve pods were idenliBod that 
showed Algnificant btndtng el fadtoiodinated &CSF (500 and 912 cpm) 
to tha transiected COST cells. Independent dones (144) from each 
posUivo pool v«m grown in six 24-wefl mtcrotitef plates and su^ected 
tDSb6eloction(Maniatbeial., t982)uslnoamat;fatoft2 x 12 dones. 
After a final iDund of minipmparai'ion of ptasmids and transfectian into 
COS-7 ceQs, a stngis done was Identified from each posttrve poo). 

Binding of ^>N-0-CSF to COS Cells and NFS-60 CeUs 
COS ceQs gmm on IS cm plates were transfeded with 20 of the 
pl62 or pJ17 pfasmid as descn'bed above exoepl thai ceQa were treated 
for 3 hr with a DEAE^ectran solution containing DMA. CeQs ware split 
tnto 6*well mlcnMfter plates 12 hr after the gtyoo/of shock and grown 
for SOhr In 0MEA4 containing 10% FCS. Cells ware washed wfth t>lnd- 
tng medium and Incubated al 4°C for 4 hr wvth ^^^^CSF (10 pM to 
1.2 nM range) in IjO ml of the binding medium. To datanntna the non* 
spedfc binding of ^^'H'G-CSF to ceQs, a large excess ot unlabafed 
Q-CSF (BOO nM) was trtduded in the assay mbeture, and the raiSoacliv- 
ity bound to tha cefts was subtracted from the total binding to yietd the 
spedfic binding. For binding ot Q-CSF to NFS-BO ceHs, SJi x 
cells were Ina^ated at ^ tor 4 hr with various concentrations of 
i»l-G-CSF In 03 ml of RPM1-1&40 medium containing 10<U FCS and 
20 mM HEPES (pH 73). 

Chemical Crosa-UnJrtng 

The cfwnlcai cross-tinldng of ^^KS-CSF to the receptor expressed in 
COS ceOs was perfomied according to the procedure described for 
NFS«0 ceUs (R. F., E. I., and S. N.. unpublished data). In briel. 8 » 
10^ of COS cetts (on 35 cm plate) transfected with the plasmid pl62 
were incubated at 4*C tor 25 hr with 1.2 nM of the radiotodinatBd 
G-CSF in the presence or absence o^^5^lM unlabeled G-CSF in OS 
ml of ttve binding medium. The cefls were scraped from the plate using 
a ceQ lifter and washed with l ml of PBS three times. Cioss-Gnking was 
canried outonice(or20mtnln1mlof PBS containing 150 tiM disuc- 
'dntmltfyl suberate (OSS) and 150 jiM disuodnimidyl tartarata pST). 
Tlw reaction was stopped by the addition of SO ilI of 1 MTris^(^ (pH 
7.4). and oefls were ooSectsd by centrttugation and lysed with IS (d of 
1% Tnton X-100 containing a mixture of protease inhibitDts (2 mM 
ED1A, 2 mM (I><amtnophefiy0methanesultony1 fluoride hydrechlortde, 
2 mM OphenanthniSne. ai mM leupeptin. 1 ^g/ml pepstatin A, and 
100 XJ/mi Bpfoiiriin). After centrifugatton, the dear tysala (10 pi) was 
analyzed by electrephorasls on a 4%-20% gradient pdyacrylamlde 
gel in the presence of SDS (UemmW, 19717). * 

>1ybrldlzatfon and Kucteotlde Sequence Analysis 
Colony nybridixaiion and Northern hytxidization were carried out as 
described (Maniatia et aL, 1S82}. As a proba. Iho 25 kb Mndlll-Xbal 
fragment of done pji7 was tabded with ^ by the random primer 
labeling method (Fetnberg and \A>gebtein, 198^ 

DMA sequendng was pertbrmed by the dtdecDtynuideotide chain 
termination method using TTWa, pdymerase (Pharmada) and {a-^^ 
dATPaS (AmerahanO. 
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We report the isolation from a placental Ubiary, of two cDNAs that can encode high affinity 
recepton for granulocyte colony-stinmbting &ctor (G-CSF) when ocpressed in COS-7 cclk The 
cDNAs axe predicted to encode integral membrane proteins of 759 and 812 amino adds in length. 
The predicted actiacellular and membrane spanning sequences of the two dones axe identical, 
as are the first 96 amino adds of tbeix respective cytoplasmic regions. Different COOH termini 
of 34 or 87 residues art predicted for the two cDNAs, due apparently to alternate splicing. The 
receptor with the longer cytoplasmic domain is the dosest human homologue of the murine 
G-CSF receptor recently described by Fokunaga et al. (Fukunaga, R., £. Ishiaka-Ikeda, Y. Setoi, 
and S Nagata. 1990. Cell 61:341). A bybridization probe derived from the placentd G-CSF 
receptor cDNA detects a '^'3-kb transcript in RNAs uolated from placenta and a number of 
lymphoid and myeloid cdk The extracellular region of the G-CSF recepton is composed of 
four distina types of structural domains, previously recognized in other cell sur&ce proteins. 
In addition to the two domains of the HP receptor bmily^lefining region (I^tthy, L. 1990, 
Cell, 61:D) it mcorporates one NHrtenninal Ig-like domain, and three additional repeats of 
fibronectin type lU-like domains. The presence of both an NHrtexminal Ig^like domain and 
multiple membrane-proodmal FN3-li]ce domains suggests that the G-CSF receptor may be derived 
fiom an ancestral NCAM-like molecule and that the G-CSF receptor may fimction in some adhesion 
or recognition events at the cell surface in addition to. the binding of G-CSF. 



Granulocyte colony^stimulating bctor (G-CSF)^ is a gly^ 
coprotein secreted by macrophages, fibroblasts, and en- 
dothelial cclb originally identified by its ability to stimulate 
the survival, proliferation, and differentiation in vitro of pre- 
dominandy neutrophilic granulocytes bom bone manow pro- 
genitors (1). The capadty of G-CSF to regulate in vivo 
granulopoiesis is supported by animal and dinxcal studies, 
which demonstrated a reversible rise in circulating neutro- 
phil levels in response to administered recombinant G-CSF 
(2). G-CSF has pldotxopic effects on mature neutrophils, en* 
handng their survival and stimulating functional activation, 
induding induction of neutrophil alkaline phosphatase (3) 
and high affinity IgA Fc recepton (4), priming for respira- 
tory bunt (5, 6), and increased chcmotaads (7). G-CSF effects 



1 Ahhmfiatim used a (te paper FN3, Ebraaccrin type III hmndogy unq 
G'CSF, |^i^u } i>^jric coipnyia T D nbt i n g fec to r ; HP teoepxot, bmutu|xnctBi 
receptor, NCAM, ocon] ccD adhcsioo m*^^rr"V: PRL, prdictxn. 



have also been observed on hematopoietic cells that are not 
committed to the granulocyte lineage, for aomple, stimula- 
tion of the prolifi^ration or monocytic differentiation in vitro 
of some mydoid leukemic cells (&-10) and, in synergy with 
other colozxy-stimulating Actors, the proliferation in vitro of 
somemultipotential hematopoietic precuxson (11-13). A re- 
cent clinical study implicates G-CSF in the regularion of 
human erythropoiesis (14). G-CSF may also affect nonhcmato- 
poiedc cells, since it appean to stimulate the prolifexation 
and migration of endothelial cells (15), and the growth of 
cell lines derived from colon adenocaidnomas (16) and trnall 
ccU lung carcinomas (17). 

These diverse efiixts of G-CSF are mediated by the inter- 
action of G-CSF and specific cdl sur&ce receptors. Initial 
binding studies with rutivc murine G-CSF detected low 
numben of recepton on responsive murine cell Hn^y and 
human bone manuw cells of the neutxophiHc lineage (18-20). 
Affinity crosslinking studies suggested a murine receptor mo- 
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Iccular weight (Af,) of ~150.000 (21). G<:SF muteins with 
improved stability have been shown to bind a single dass of 
sites {Ki - 100-500 pM) on circulating neutrophils (22), 
U937 cells (23), placental mdnbranes, and txophobhuts (24). 
Similar afihnities have been measured (br the binding of na- 
tive G*CSF to a single dass of sites on myeloid leukemic and 
small cell lung carcinoma cell lines (17). Although afinity 
crosslinking experiments detected human receptors of Mr 
^150,000 on neutrophils, an additional crosslink to a protein 
of M, 120,000 could be detected on placental membranes, 
suggesting a more complex receptor composition (22, 24). 

Here we report the isolation from a placental library of 
two cDNA dones that encode high a&nity receptors br 
G-CSF when expressed b COS-7 ceUs. The two dones encode 
identical ectraoellular and transmembrane w^^i^r^, but differ 
in the COOH-terrainal portion of their cytoplasmic regions, 
due to what appears to be alternate splidng. The predicted 
protein sequence of one clone suggests it is the strict human 
homologue of a recently doned murine G-CSF receptor 
cDNA (25). 

Materials and Methods 

Human C-CSF Pnpamtiotu Human G-CSF (26) was expressed 
in yeast, using the a-&ctor secretion system (27), as a mutein in 
which Cysl7 was replaced by serine and Arg22, by lysine. These 
alterations mhibit, rcspecdvely, the fbmiation of disulfidc-linked 
oligomen and inappropriate processing through destruction of a 
KexU recognition site. Alternatively, a fusion polypeptide of the 
same construct but incorporatiag a hydrophilic octapeptidc at the 
NHi terminus to aid in purification (28) was also expressed. The 
biological activities of both purified hmns were ^^2 x 10^ U/mg 
determined in a standard proliferation assay using the murine my- 
eloid leukemic cell line DA*1. 1 U corresponds to that amount of 
G-CSF that gives half-maximal pHfElR incorporation. 

Ra^labeUrtg of C-CSE Purified human G<:SF was radiola- 
beled to a specific activity of 7 x 10** cpm/mmol using a soHd- 
phase chloramine-T analogue. 5 /ig of purified GCSF and 2 ^Ci 
Na^^I in 150 fi\ PBS was placed in a 10 x 75 mm glass tube pre- 
viously coated with 5 Mg of lodogen (Kcrce Chemical Co., Rock- 
brd, H) and incubated for 25 min, 4**C. Free and ligand-bouod 
iodine were subsequently separated by gd filtration through a 1 ml 
column of Biogel P-6 (BioRad Laboratories, Richmond, CA) that 
bad been blocked with BSA. Radiolabded stocks were stored at 
4<'C in RPMl-1640 containing 2.5% BSA, 20 mM Hepes buffer, 
and 0.2% sodium azide, pH 7.2 (binding medium). The specific 
radioactivities of labeled G-CSF were based on determination of 
initial protein conccntradon by amino add analysis, with correc- 
tion from control experiments to determine protein reoovesy after 
iodination, u which an aHquot of G<ISF was mixed with *^1-G- 
CSF and the iodination protocol repeated* with omission pf 
Na"»l. 

Cell Lines and Ttisue Prepantums. • HUO, U937, CIO, KGl, 
HeLa, RAJI, MJ, and RPMI 1788 cell Hncs were maintained in 
RFM! 1640 (Gibco Uboratories, Grand Island, NY), 10% FCS, 
2 mM glutaminc, and SO ^ 2-ME at 37°C in a humidified at- 
mosphere of 5% COa in air. Peripheral blood granulocytes were 
isobted by sedimentation on discontinuous FicoU Hypaque (Sigma 
Chetnicai Ca, St. Louis, MO) gradients followed by red blood cell 
lysis in ammonium chloride. Placental membranes were isolated 
as follows. Fresh, full-term human placenta, obtained from Swedish 



Hospital Medicd Center (Seattle, WA) on ice, were washed six 
times with ice^ld PBS to attract excess blood, and the tissue, 
trimmed of amnion and chorion, was cut into small The 
pieces were transferred to one volume of Bufier A (30 mM Hepes, 
pH 7.4, containing 0.25 M suoose, 1 mM PMSF, 1 >iM pepstatin 
A, 10 /iM leupeptin, 2 mM 9-phenanthioIine, and 0.02 U/ml 
aprotinin), homogenized (ot five l-min intervals with a FTlO/35 
homogemzer (Brinkman, >X^bury, NY) at setting 7 and cen- 
trifogd at 6,800^ for 30 min. 4*C The supernatant was made 
0.1 M in sodium chloride and 0.2 mM in magnesium chloride and 
centrifisged at 42,000 ^ for 40 min at 4**C. The resulting pclleU 
were washed twice in Bufe A by resuspension and ceotrifogatioo 
as above. The final sedimented membranes were resuspended in 30 
ml of Bu&T A at a protein concentration of 10-^ mg/ml and 
stored at -70*»C 

Bindrng Assays and Data Analysis. For equiHbnum binding assays 
with native (placental membrane) G-CSF receptor; serial dilutions 
of "'l-G-CSF in binding media were incutated with 300 /ig 
membrane (protein) in 10 x 75 mm g^ass tubes in a total volume 
of 100 ftl fiyr 2 h, 4*^0. Control acperiments showed equiHbradon 
had been reached in thu time. Bound Hgand was measured by sub- 
sequent collection of membranes in the reaction mixture on glass 
raiczofiber filters (Whatman, HiUsboro, OR) using a vacuum Btra- 
tion apparatus. Filten were washed three times with ice<old 
VBS/BSA (1 mg/ml) b«fi>re gamma counting. Nonspecific binding 
was determined for each data point vnth a control tube containing 
a 400-fold molar ooccss of unlabeled GCSF. Fiee radiolabeled hgand 
for each data point was measured by counting an aliquot of Hgand 
identically incubated m the* absence of membranes, after subtrac- 
tion of the corresponcfing bound counti Binding curves were pbtted 
in the Scatchard coordinate system, expressing bound Bgand in units 
of finole/milligram membrane protein. 

For equilibrium biisdxng assays vvith recombinant G-CSF rccqjtDi; 
COS-7 ceQs transfected vrith ddier die D-7 or 25-1 G<:SF receptor 
cDN A done (COS-G-CSFr) were first diluted lO-foU with camel 
cells (EL4-3* murine T cells) to prevent COS cdl aggregadon. 
EL4-3* and untransfocted COS cells were both shov^n to lack 
recepton for human G-CSF. Serial dilutions of "'I-G-CSF in 
binding media were incubated vnth cdls (2 x 10^ total cells/ml) 
for 2 h at 4*'C in a total volume of 150 ^ using 96^11 microtiter 
pbtes. Free and bound Ugand were separated by centrifugation of 
duplicate 60-^ aliquots of the reaction mixture in plastic tubes 
containing a phthdate oil mixture (29). The tubes were cat, and 
supernatant (nee ligand) and pellets (bound Hgand) were gasxuna 
counted. Nonspecific binding was determined by inchxsion of a 200- 
fold molar excess of unlabeled G-CSF in the reaction mixture at 
one ligand dilution; the linearly extrapolated nonspedfic binding 
was subtracted from each data point to generate specific binding, 
finding parameters determined on adherent COS-G-CSF receptor 
cells were similar to those determixted in the suspension assay. 

Affinity Cross-linhing. Adherent COS ceUs on 10-cm culture 
dishes transiently expressing the recombinant G-CSF receptor were 
incubated with ™I-G-CSF (1 oM) in RPMI 1640 for 2 h at 4»C 
in the presence or absence of unlabeled G-CSF (1 ^). CeUs were 
washed twice in ice-cold PBS and then crosslinked in situ with 
0.1 mg/ml bis-(sulfosucciniinidyl) subcrate (BS*. Pierce Chemxcd 
Co.) in PBS at 25^C for 30 min. CeDs were suhsequendy washed 
twice widi PBS and then lysed widi 0.5 ml of PBS/1% TKton con- 
taining protease inhibitors (2 mM PMSF, 10 fM pepsunn A. 10 
/iM leupeptin, 2 mM o-phenanthroline, 2 mM EGIA, 1.25 mM 
benzanddine, 0.5 mM EEXIA, and 2 /ig/nd soybean trypsin inhib- 
itor). Lysates were scraped from pbtes, microfuged at 12,000 g for 
10 min, and supematants retained. Placental membranes (8 mg pro- 
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ccio/xnl) wen incubated in 1.5-mI plastic microfuge tuba with 
1 xdM '^I-G-CSP in a total volume of 100 /il PBS for 2 h at 4''C 
in the picsenoe or absence of unlahrled G-CSF (1 fiM), Manbiaoes 
were then washed two tiniies with ice cold PBS, itsuspended in 
100 td of PBS, and incubated with BS' (0.1 mg/inl) for 30 min 
at 25'*C Membranes were washed twice, then lysed in 150 fd of 
PBS 1% IHton (with protease tnhibicon) for 30 min at 4<*C 
Insoluble debris wai removed by centxifugation for 30 nun at 
10,000 and the supernatant was retained. 

SDS^PACE Samples, indoding methyl >H:-bbcled molecular 
weight markers (Bcthesda Research iabontories, Bethcsda, MD). 
were boiled for 30 min in sample buficr (0.06 M Ins-HCl. pH 
6.8. 2%.SDS, 10% glycerol, 5% 2-ME) and analyxed on an 8% 
SDS gel (30). After electzophoresis, gels were fixed in 25% 
isopropanol, 10% acetic add, dried, and autoradiographed with 
Kodak X-Omat AR fihn at -70»C. 

cDNA Library Cansmuiion and Satenmg. Total cell RNA was . 
isolated from wnolc &esfa placental tissue as described below and 
polyadenjdated RNA pxepozed by chromatography on oHgo(dT)-^- 
lulose as described pi). Double-stranded, oligo(dT)-prinied cDNA 
was prepared with a commercial kit (Amersham Corp., Arlington 
Heights, n.). The resulting cDNA was size firactionated by chzo- 
matograpby on Sephaczyl S-1000 (Pharmacia Fine Chemicals, Pis- 
cat3W3)r, NJ) b 0.5 M sodium acetate. The csoduded cDN A was 
cloned into the BgUI site of the tnammat^'.»n expression vector, 
pDC3Q2 (32) by an adaptor method similar to tlut described by 
Haymerle et aL (33). Briefly, noncomplementaiy oligonucleotides 
of the sequence 5'-GAItnTXX>AACGAGACGACCTCCT and 5'- 
AGCAGGTCGTCTCGTTCCAA synthesized on a DNA syn- 
thesizer (model 380A; Applied Bbsystems, Foster City, CA) were 
a nnralftd and ligated to separate reactions to either cDNA or Bglll 
cut vectox. NouHgated oHgonudeotides woe separated £rom cDNA 
or vector by chromatography over Sepharose CL-2B (Pharmacia Hue 
Chemicab) at bS^'C in 10 mM IHs (pH 8.0), 0.1 mM £DIA. 5 ng 
of adaptored vector was ligated to adaptored cDNA in 10- ftl reac* 
tions containing 50 mM sodium chloride, 50 mM IHs-HCl (pH 
7.5), 10 mM magnesium chloride, 1 mM spermidine, 0.5 mM ^T, 
0.1 U//d T4 polynucleotide kinase and 0.4 V/fd T4 DNA hgase 
for 30 min at 37**C. Reactions were then desalted by drop dialysis 
on VSWP 013 filten (Millipore Corp., Bedford, MA) against dis- 
tilled water iox 40 min immediately befui c electroposation into Esth' 
crickia £oli strain DH5 a as described (34). Ihnsfbzmants were ob- 
tained with an average cDNA insert size of 1.6 kb. Kiols of 600 
colonies were prepared and DNA mioipreps of these were trans* 
Gected into COS cells as described (35). After 3 d growth in 
DME/10% FCS, the cells were screened for *»I-G-CSF binding 
by an in situ autoradiographic plate binding usiy (36). 

RNA Analysis. Total cellular RNAs were isolated by the 
guanidinium isothiocyanate^-ccsium chloride method and electro- 
phorcsed through formaldehyde agarose gds as described (31). RNA 
was tcansfcned to nylon filten (Amersham) by capillary blotting 
and UV aosslinked using a StrataEnker (Stratagene, La JoDa, CA). 
Hlters were probed with a ^labded antisense RNA prepared by 
T7 RNA polymerase transcription of a subclone of the D7 cDNA 
in pBlueSK (Stratagene). High stringeiicy blot hybridization and 
washing conditions were as previously described (35). 

Sequaue Analyns, Sequences were aligned using various com- 
puter piograms (GAP; 37, 38) and the progressive aH^unent method 
of Feng and Doolittle (39) as well as by visual inspection. With 
the aoception of the alignment between the human and murine 
G-C5F itccpton, a oonsemus alignment was generated for aO'se- 
queoocs, nther than optimizing the alignment between any given 
pair of sequencer. AHgnment scores were genc iite d using the NBRF 



program ALIGN oang the MD data matrix with a bias of -(-6 
and a gap penalty of 6. The prediction of residues involved in 
0-straads in mmiunoglobuhn domam folding patT^ms used the turn 
and secondary structure prediction algorithms of Cohen et al. (40), 
the bydrophobic moment algorithm of Eiseoberg et al. (41) as well 
as by inspection. 

Isolation of Human C-CSF Receptor cDNAs. Quantitative 
binding studies using radioiodinated G-CSF on a panel of 
human cdl lines demonstrated low levd otpiesaon of a ringle 
class of binding rites (N <l,000/cell, '^l nM; dau not 
shown). G-CSF receptors with a similar affinity weie detected 
on placental membranes (see bdow)» but at a level of ^^200 
finol/mg. Since bmding of cpidennal gtowtb ^or Co A431 
cell membranes at this levd would conespood to a rite number 
of ~10^/cell (42) wc conchidcd that G-CSF leccptois were 
ecpressed at unusuaQy hig^ leveb in placental rit y^if A placental 
cDNA library was prepared in a mammalian ocptcsrion vector 
and DNA from pools of ^^^600 tians&rmants woe transfocted 
into COS odl that were then loeened for i»I-<X:SP binding 
by contact autoradiography (37). A poritive done, D7, was 
obtained after screening 20 pools and contained a 2.6-kb cDNA 
insert that was used as a hybridization probe to identify three 
additional related dones from the same hlrary. Restriction 
digests and DNA sequencing showed that the cDNA dones 
fell into two classes; three were of the D7 type and one of 
a somewhat different form. 25-1, shown in Hg. 1. The 25-1 
done di£Fcn from the D7 dones only in its lack of a poly(A) 
tract and in the presence of a 4l9-bp internal sequence insert. 
This insert occun between nt 2411 and 2412 of the D7 cDNA 
and appears to be derived from an unsplioed intron rif^ ff it 
contains splice donor and acceptor consensus sequences at 
the junctions with the D7 sequence. 

DNA sequencing of these dones showed that the &st KTG 
occurs in a contact corresponding well to the Kozak con- 
sensus sequence (CCA/GCCATG; 43) and initiates a reading 
frame that terminates after 11 codons. The next potential ini- 
tiation codon occurs 45 nt downstream, within an inferior 
Kozak context. This reading frame encodes proteins of 783 
and 836 amino adds in the D7 and 25-1 cDNAs, respecrivdy. 
Hydropathy analysis iflmri6rd two major hydrophobic legiou 
in the sequence (Kg. 1 D). The first, at the NH2 terminus, 
is a prestmted hydrophobic signal sequence of 24 reridues; 
the second, bemmi cesiducs 604 and 629, is a presumed trans- 
membrane domain that makes a single helical span (Hg. 1 
B). Both fisrms of receptor are thus composed of an extracd- 
lular region of 603 amino adds and a transmembrane region 
of 26 amino adds, but di&r in the predicted CCX>H-terminal 
portions of their cytoplasmic domains. The protein encoded 
by cDNA D7 has a cytoplasmic domain of 130 amino adxls, 
while the unspliced intron sequence inserted in done 25-1 
after amino add 725 predicts a cytoplasmic domain of 183 
residues. The COOH-terminal amino add sequence of D7 
appcan significantly more hydrophobic than that of 25-1 and 
contains one less Cys reridue (Fig. 1). Both the D7 and 25-1 
cytoplasmic s equences have high contents of proline (14.6 and 
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xn ia.t«P™ih. tor,h,,k,v-i^ tot •.ioto.Ar,aM,to.(^aiao««u<aptoptor u.u.A.p(^»ar»Mr. i»4 cDNAi. (^) Schnaatic icpmeutation 

m oM ooQ CIO «e oc tccioc nc cacaCAMaccioaanancooMuaaKMCioooioatfcocwAwamcsoflaa tm 

til Aftp oiy oiA tor m [qn|qr»| a* A*f tn u* uu ton ipt OA Anitot oar a« Tip tti oio «a> «u Am kU toB oir lu 



and restricnon nup of G-CSF. lec eptw 

w iCC««>t«a»cA4a«»,c«f «f«r««on«WAAAC«»«M« um 'P^^ /JfJ2f^ 

HI m tor iM to! m 01* umlgnltoM Ai» pv« m Acp vu m to oib vr« m im lm lup nr itot A«p fc» tot »r» oiv ui ntes are tnfflcated tor BamHI (B) and 

US oai ooc cor ccc oa oca oac toc oa oa oo nc igs qm oa na oo ca ooc cn oc an Mtj oo jum iot ow oq <bc oc pm 

SsiI(S).TbesoBd axTow-maricB tlte DO* 

)ii u* AU PT« N* ua Au up^te Ua u«(^Tip u« Pn ttp ou tf* Up ua lu u* AiD Qu >« ntioo u the D7 seqaoice at which the 
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Ml Mr* rr» Ub Arf «ly ain AU tor ttp AU IM Pri Olr Pr« Ua ft* tM at« tM fyr Ola Ua^Olp tow Lm rca AU ni _ * ««»«vi* ^'^^>> * »« O. 

^ tm leqttcQce present only in the 25-1 S 

n>r AU lyt tfcr fai Ola lU AftP ^ IU Art tip m »»» atp Bii pt» tor top ttp tor Pra tor Uo clm^ Arp O. fto »| OOIW U lajfiOtBd 81 » HW hs^ afl Other 

«, f=t?2Tf*f"**'**~~"**"*««*»««*»^««*"™«'»«»«™'« "« jequeaxiiidffltialinthetw^ 3 

»1 Ma Art Ai* Pr« Vu Pal Ar, Ua Aip tl» Trp Pip Alt Uo Act OU baa Aip Pia An tto va Oto Ua Rw rtv tpa Pn t.1 rra SSI Thc dcduod Codutg SeqUCaca aTC | 

maMaAAOMMcgucBamayhflnoffamoTTTcriaiJaAaacTaaaeaMaaaaDaecApecpoeaeaeTBCMCAce um thown aa aa wide hark nonasdinft ie> s 

l«««OUtop toc«,«,U.aia«ptr»PUPU torP,pArt«.i.fOSyAUAU«rAuS;SSS(gl^ !« „^"""Z!!irr 1 

qucnces as narrow baa. The predicted a 

isis ACA OM CTc Mc PK Acc nccjeoaocTpaaugccauo«ionaaccnanoeet>rMCpaaocoaaAOCTCTOBeBce«ce mi ■ f - ._j . t 3 

«i t^««i-«.(2)«»'»*"«««>"*«M-»uai«tti.puAuSSS"J2ES5"S 5to "gnal iransfcr and tcansmembnae te- g 

1411 o»oiocm:TTCta«AA««A«oawcKiA««»ato»a«»»ooeoMeKeaacAiKCKTw mi l^*"*** ihown OOsUutched. The c3 

s« rr* p«i tai rm tor u« toe ATf Up pia iia toa m top to. ua Ala tot Au An top m Ku tor iM Tip »*i otf TTp ou «M 35-teadnc pol]r(A) tsil of the D7 done g 

msaxcccMTcatwocyaoeccwanAiTwtaaoKcsaoKeixoccwoiaMuaMXMweuTO imi i> ihowu as A35. (B) The nucleotide z 

m H« toa too Pt« Ttp r«a oto Blf ipr »»l Ito Ola Tip Olp Lpi «p Fta Pra tor *U tor toa tor to« Vri ttr try tof tot Ola " * " * - 

twa 
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and deduced amino add ic({aescc of 

toa Ur to« Ato Otr fte toal^ ipa «Xa toa Ua An Pra Aa Ota to* lyr «!« U« tU Vtl 1b( Pra toa tyt Ola Aap Ul ' \ . . peFW* CKaVlge 

417 thr to« up pra toff Ua Ua PU tn Ate IpT Mr Ua Ua to« AU Pt* Par Ua AU Pra Ua iaa »• baa to lU olp 1^ HI OUtnX Of VOn HajQC (75) U ihoWD fay 

^!!!f'!?°™^^^™^"^^<°«'c>«wMa^«c>TKXGicT>caccucnci«iMxucoacM U14 ^ ^'P™ arrow, and the nedicied NHa 

«7 mTipAl.eUtoaU«PipPU.j.UaP<aP,.«aUaU,lpa«ar».ato.Ito«i.n»tt,n.ih.p,pttotoa»l.U« S4I taminUl of thc matme pOtOD il d^ 

"J? SSII^I!^!f!1f SSJ?*!!! nated teiidne t The medicted mem- 
Hi *» tor «>. tor AU Ila A.8 U» Par tot *n oiy toa WU Um rta flip toa U» tra Al* toi Ua Ur ila lU Ur toa . *. * «s juwimw looa 
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bxane ipanning leooence is indicitwi by 

"T--***— •'*»'^»*»-»*««»««»«OC«CCC»0AWA0Ct»We»«6CMteC««aAacA>CAlce» lOM \ J i 1_ m m 

Ala tor (U» Ua Olr AU m AMI tor Ito Pal toa -OU to. tot ttr Ua m rr. Ola ciy tor Ua ^ lU ti: H; Sa i» t^CS^ Uuderhne lod the I^ScT mOtif 

nu «cxoTtcoQcciec»OTffo«AccwceKK»QBAAe»QK U44 ^ » Jfelii underline. Cysteine residues 

SiiS^l^iUS^SMSiSMSSilSllSEt^^ An t*» Aaa »ia u« Pip pr. iM are boooed and potential N-Unhed gly^ 

!r f* f* •f* <^ "« cosybtion sites are intficatedtyasteriskj. 

.» ..rpa»rr.topp.au.ia.to.torto.u,to.«,^p„«»,u.«Qi.uatorA..,h.otato«n.«ruaurtt^ .« The position of the 2Winttonlnser.* 

s:s:;ns::;ss:s2ss;ss:jss:s:t*?Sp~SKs:2fsjE:5KS(§^ tionpointuindicatedbyasoiidan™. 

u» ccc«cio«co««w<«eKao«aAcooAaAQOOTPocA=afloacauT«c«ta m« (Q "O***^*^"**^ ™ 

1.1 r«»muapuu.iA,py,,*iua«.«,toptorto,Aaputo.i»ratomu.S:3.SS5^SJSSS Si addsequocecftheyecdofdoneZS-l. 

5?*f*f=«<»«c»«»«'"*»«»«K«ioae«caoaettccrtoj«eTfTwic£tio«T« iu« Enuraention u oontinnoos with B, 

m «iprrar„to,to,to.*ton'-*.Hritop««ii.toti-.«i.Pi,u.Pi,r,.*„«,»^u-(^i:to.mSiiS Cystdne residoes art boxed. SoHd 

m arrows indicate the junctions of the 

419-bp insm with sequences common 

C to both 25-1 and D7.(P)(>i^j;uij£ 

^r^^^ Hydropthiaty plot df the D7 and 25-1 

1401 e»oKCTtTAJooBa«cwaoooe«eax»c»McccAoa»ecAaMoenrew»ctuTMCToc*cTaflca««TtoQen m% _1 .iT t 

II) ou »*1 toa Tpr oty cto to- to- U, tor rn m tor »r. Ur Ha U, " S 15 S S S 2 IS S Jll ««ptOX KqUenOC lOOOlding tO the 

im <KcictoEcccacc<rcA>otecnpaMAKaeTaoitcoa«eeacccamaaaAaasonaa:ojioixeuM^ im method of Kyte and Doofitlle (76). The 

1M eip Um Thr rra tor Pia to toripr Ua A.B bra tip rto U. u. tor aia Ua Up tto Ua f«l n< Pia U. P» tor eja eto lar . predicted SigDal and mmt>TaT>fwypn. 

!fS!frSri2Tf II! ***™f***^ I? »" nxng seqnences arc indicated by arrows^ 

111 tor tapj^Pal PtM Up Pta toa toa toa Ito Pra bai toa aia otr Ua An »»l «• «r tot Ma U« tM «lr tot ito totf III •r^Z. J M 1.1 £_ 

' These sequence dau iR avslable from 

1.1. mcR>«piccotcTToo«cri«mptt*«ioato»oct««toacaa««oOT««i**«^ iiu EMBL/Genhank/DDJB ondet the ac- 

mi cse oc ere aco etc T«A on iw a» OK *ee j« «« TK « t« TEC tt* m ea tjJ« um cesiion nUfflbm X55720 (dov DT) and 

nil TrrtoocAccMAStAPBcicoPfnccscncscAAJcacmrniTKTtaTTTCcTmKrTuguTT iiii X557Z1 (done 25-1). 
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13.1%, respectively) and serine (13 and 10.4%) a property 
noted for tne cytoplasmic domains of many mcmbm of the 
hematopoietin (FQ>) receptor family (44). Neither the D7 
nor 25*1 cytoplasmic regions contain sequences indicative of 
tyrosine kinase activity (45) but Ser760 of the 25-1 receptor 
represents a potential protein kinase C phosphorybtion site 
(46). The predicted sequences of both G-CSF recepton con- 



tain nine potential N-linked glycosybtion sites (Hg. 1 B), 
all but one in the proposed emxaoellalar region. A murine 
G-CSF receptor cDNA isolated &om myeloid leukemia cell 
library (25) encodes a predicted mature protein of 812 amino 
adds, identical m length to that of 25-1, and its COOH- 
tcrmiilal sequence is homologous to that of 25-1 but to D7 
only up to the position of the proposed splice site: The 25-^1 
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FSgufv 2. Comparison of re- 
combinant and native G-CSF 
leocptun. Binding axsaj^ docnbed 
2(3(3~ §89^^^^^^^^^ in Matoial and Methods. {A) 

Specific in otu binding of '^I-G* 
CSF to COS ceU-<]qncssed cr* 
combinant G-CSP reoepton 25-1 
(O) and 07 (•) for 2 h at 4<'C 
Data plotted as bound vs. free 
Hgand (C). (B) Replotcing A in 

'974-9i^SSE^^^^^^ least squares amlysis (30) jodded 

simthr tigand afinities fas D7 
(Kv *- .1.6 nM; n - 3.0 x 10^) 
. PrrTTTrrrnrnnnaiT^-nMnTi and 25-1 (Kw - 0.53 nM; « - 
68"^^B^^^^^^Rb ^'^ ^ ^^)' but '^^K higher oc- 

preuioa Icveb of the fbnnet (Q 
Sfwrific biwfiog of ^l*<r<:SF to 
name (^booa^ ntcntbsane) OCSF 
feccptori Lincrfr kast squares fit 
to Scacehard plot give a 1^ of 

0.70 oM, similar to both recombinant reoeptorv (D) A£nity cross-linking of lutive (placental; lanes i and i) and recombinant (COS-acpressed; lanes 
J and ^ in the absence (I and S) or presence (lanes 2 and 4) of a 200-fbld molar eneu of unliMcd G-CSF. The calculated receptor Mn after robtrac- 
tioa of Bgand molecular wdgbt, u 'v 150,000 in both cases. Cross-Unking conditions described in Materiab and Methodi 
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cDNA appcan, therefore; to encode the strict human homo- 
logue of the murine reoeptoi. At the protein level, these homo- 
logues arc highly conserved in sequence (62% identity). 

Comparison of Native and Recomhiruini C-CSF RxcepUm, 
The ligand-binding and aftnity cross-linking characteris- 
cio of the recombinant G-CSF receptors encoded by D7 and 
25-1, expressed in COS cells, are compared with those of 
native (placental) recepton in Fig. 2. AU three receptors dis- 
play a single class of bmding sites» with equilibrium dissocia- 
tion constants of 1.6 nM (D7), 0.53 nM (25-1), and 6.67 
nM (placental). Expression leveb of the D7 done, however, 
were appnsdmatdy six&ld higher than 25-1 (298,000 v. 52,000 
sites/cell). AfEnity crou-Unking studies of COS-cxpressed 
D7 and placental G-CSF receptors detected a single subunit 
in each case with an apparent M, of ^^150,000. As the cal- 
culated protein molecular mass of the recombinant recepton 
are 92 kD (25-1) and 86 kD p7), the G^ISF receptor is 
estimated to contain '^'35% carbohydnLte by weight. Thus 
both native and recombinant recepton share similar charac- 
teristics. 

Expression of C-CSF Receptor mRNA* An antisense RN A 
transcript of the entire D7 sequence was used to probe 
Northern blots of total cellular RNAs isolated horn a va- 
riety of sources (Fig. 3). A hybridizing band of ^3 kb was 
detected in placentid RJNA samples (Ivie 4) and RNA iso- 
lated from human hematopoietic cells previously reported to 
express G-CSF recepton (17, 22, 23, 47), mduding the my- 
elogenous leukemia ceS line KG-1 (Fig. 3, lane 7), the proniye- 
locytic cell line HIr60 (lane 1), the premonocytic cell line 
U937 (lane 5), bone marrow cells (lane 7), and peripheral 
blood granulocytes (lanes 2, i), the latter containing partic- 
ularly high levds, consistent vrith the prominent G-CSF re- 
sponsiveness of this cell type. The KG-1 and peripheral blood 
granulocyte samples both show a minor additional hybridizing 
spedes at ^^7 kb (lanes 2, 3, and 7), as did placental RNA 
upon longer exposure (dau not shown). This spedes was 
not detectable in cytoplasmic placental RNA, suggesting it 
is a nudear precursor (data not shown). The obsoved pat- 
tern of expression suggests that one or botb of the G-CSF 
recepton cloned ^m the placental library also encode the 
recepton used by hematopoietic cdk Unexpectedly, we have 
also detected low leveb of these transcripts in the HTIV- 
l-transfermed T ceUlmcs C-10 and MJ (lanes 6, 10) and the 
B lymphoblastoid cell lines RAJI and RPMI 1788 (lanes 9, 
li), cells that are of lymphoid not myeloid lineage. The 
significance t>f this observation is undear and requires fur- 
ther investigation. Under the stringent hybridization condi- 
tions used, no spedfic hybridization was seen with total RNAs 
isolated from HeLa cells (lane 8), dermal fibroblasts, brain, 
or COS cdls (data not shovra). 

Domain Structure and Sequence Homology of the C-CSF 
Recepton A computer search of several dataSscs queried with 
the entire G-CSF receptor sequence revealed significant ho- 
mology of the G-CSF receptor extraccUuhr region to three 
distinct groups of sequences: (a) mcmbcn of the Ig super- 
family (48), (&) the extracellular regions of all mcmbcn of 
the recently identified hematopoietin (HP) receptor family 
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FigaroJ. G-CSF nceptor RNA tnalytk. NorthmMna nf h imum teal 
odlnlu RNAs dectxophorescd on fiDmuldchyde agarose gds, bybriiiBed 
with anrivusr D7 prob^ and washed as in Matnah and Methods 

The pcmdocs of the 18S and 28S nbosomal RNAs are indiated by anows. 
AD Unes omtais 2.5 /ig of tatal aShxtsr RNA aoept hat i, whidi has 
0.5 /ig of total RNA to avoid oveBQqmtuie. The blots were eiposcd at 
minos 60° for di&icat timex. (4) 2-h aq>osun of a blot of RNA samples 
from the feUowiag soum: HIM (lane i), pcriphenl blood gxasalocytes 
(lanes 2, J), obcenta (lane 4), U937 (lane 5). (B) 24.b exposore of a blot 
of RNAs {solated from the foOowring soucoes: C-10 (lane tf), KG-1 (lane 
7). HeLA (lane S), RAJI (lane 9), MJ (luie 10), RPMI 1788 (lane ti), 
upizated pehrtc bone mamiw (lane 12), 



(44, 4W3) and (c) the type III homology units (FN3) of 
several vertebrate Gbronectins (54) and x^eund cdl adhesion 
molecules (NCAMs) (55, 56). Batch of these homologies is 
localized to discrete regions of the extraodlular portion of 
the GCSF receptor. The NHrterminal 90 residues of the 
G-CSF receptor show statistically significant alignment scores 
(>3 SD) with several memben of the Ig supexfiamily (daU 
not shown). Fig. 4 A shows a consensus alignment of th w 
NHrterminal residues with the NHrterminal sequences 
from the murine G-CSF receptor (25), human IIr6 receptor 
(57), and h^t chain domains of Ig NEW (58, 59). The G-CSF 
receptor contains an invariant lip^ two appropriately spaced 
Cys, and other residues in conserved potitions that define 
Ig-like domains (48). Cys23 and Cyi79 of the G<:SF 
therefore, are lil^y to form a disulfide loop characteristic of 
the Ig fold (60). This structural motif is nurther supported 
by the presence of sequences predicted to form the p strands - 
characteristic of Ig domains (underlined Hg. 4 A), 

The residue segment of the G^CSF - receptor -fol- 
lowing the Ig-like moiety (Arg94 to Pro 299) shows strong 
homology to cxtraoellulaz regions of all members of the HF 
receptor family (ALIGN scores Fig. 4 D) (44) and is ^own 
aligned with the corresponding segments of the murine 
receptor and other selected family members in Hg. 4, B and 
C. This region contains the sequence features that define the 
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Figan 4. Homology ^^tn^'** of tbe G<SF 
recepcoL (il) AH^mncnt of the buztuii fid nu' 
rioe G-CSF wo e j i tui NHT-tcrxzuDa] Ig-Hlx do- 
auiD with eke hunun tL6 crceptor Ig-like do- 
main and the aa^uaea finnn the hgbt chaixu 
of IgNEW (58. 59). Bold&ce type indiata 
residues conserved to Ig domaiiis. UadcHiiied 
residues indicate tlte actual xesidues iovolved. 
io the /T-stmds of the Ig domaio folding pat- 
ceiQ in the cue of NEW and predicted residues 
comprising the tame itxands lor the icoeptor 
sequcDces. (£) AHgnment of the human and 
murine G-CSF receptor HP receptor kxxufy- 
dffifiing ttsioo cTstebe-rich domans (62) with 
sequences mmi the same region of the Roeptan 
for CW, IIf3. tfythcDpoietin, and probctio (53, 
57, 77, 78). The conserved Cys and lip lesiaaei 
of the HP receptor family (44, 49-53) arc indi- 
cated by astcri^ and shading. Cyi icsidaa are 
in bold£we type. (C) AHgnmcat of the Ibor 
. fihronectio type 10 {FN3) domains of the 

hunun and munne GK3P receptor extnceflular region with the FN3-like donmm of the HP receptor fuaily defining regions (62) of the reccpton 
for IW, 0.3, erythropoietin, and prolactin and with the five FN3 repeats of murine LI NCAM (55) the second PN3 repeat of DrosophiU neurogUao 
(63) and four type fflrepeaa of human fibronectin (64). Asterisks and shading indicate the three rcsidoa conserved in all 16 repeats of honuofibroncctin. 
Shading indiatcs other residues conserved in some FN3 domains and the WSXWS moti&. Cys and 1h> residues arc in boldfwe type^ (D) Scores generated 
ty the NBRJ AtlGN program (38) for the indicated sequencer /r-N/ b 
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HP receptor &m3y; notably a lip and feux Cys residues (iaxo, 
asterisks: Hg. 4 B) coofbrming to a conserved pattern (49-53) 
found in nearly all HP recepton (44) and a COOH*tenninal 
WSXWS motif (50-53) which has proven to be a hallmark 
of the HP receptor binily (44). The four Cys residues fonn 
two successive disulfide loops in the growth hormone receptor 
(61), and it is likdy that a similar pairing occurs in theG-CSF 
receptor between Cysl07 and 118, and Cysl53 and 162. A 
recent sequence analysis of the HP receptor bmilysiefining 
region (62) has suggested it can be resolved into two distina 
elements each 'vlOO residues in length: one NHr terminal 
"cysteine-rich*' region and a COOH-teiminal "cysteine-poox" 
region, the latter homologous to fibronectin type III repeats. 
Although in the G-CSF receptor these two regions dio not 
differ significantly in number of Cys residues (NHrter- 
minali 6; COOH-tcrminal, 5). the last 100 residues of the 
region do contain the sequence features characteristic of FN3 
repeats, as shown by alignment with aamples of FN3 repeats 
&om human fibronectin (54) and two neural cell adhesion 
molecules, murine LI (55) and Drosophila neuxogiian (63) 
in Kg. 4 C. The FN3-like character of the region is demon- 
strated by the presence of three residues, 13^229, Leu274, 
and Tyr279 (asterisks), in the pattern which is the sole se- 
quence feature absolutely conserved b all of the type III repeats 
of fibronectin (54, 64). Although this region of the G-CSF 
receptor ooceeds the low Irp and Cys content characteristic 
of FN3 repeats (54) its designarion as an FN3-likc domain 
is further supported by statistically significant ALIGN scores 
when compared with 14 of the 16 type III repeats of human 
fibronectin (dau not shown). 

The '^'300 residues of the G-CSF receptor bordered by the 
WSXWS motif and the transmembrane region also show 
significant homology to FN3 repeats of several vertebrate 
fibronectins and NCAMs, suggesting this region consists of 
three additional repeats of this element. These proposed FN3- 
like domains are shown aligned with the corresponding seg* 
ments of the murine receptor and the examples of FN3 repeats 
in Fig. 4 C. These three FN3-likc domains of the G-CSF 
receptor contain the conserved Tkp and Tyr residues, described 
above, but only the last domain contains the hallmark Leu, 
a residue only partially conserved in NCAM FN3 repeats. 
These domaiiu of the G-CSF receptor also contain a pair of 
aromatic residues common to the FN3-like domains of many 
NCAMs and fibronectins {boxed). The four proposed FN3- 
like domains of the G*CSF receptor each contain at least three 
Trp residues, and in this respea resemble the FN3 repeats 
of NCAMs rather than those of fibronectin. The proposed 
second, third, and finuth FN3 domains of the G-CSF receptor 
gave significant ALIGN scores respectively to 4, 13. and 15, 
of the 16 type III repeats of human fibronectin (data not 
shown). 

Diccusidon 

Here we report the isolation and characterization of two 
distinct types of G-CSF r e ce ptor cDNAs firom a human 
placental library. The equilibrium Ugand binding and cross- 
linking characteristics of the recombinant receptors are similar 



to those of native receptors on placental membranes (Hg. 2). 
The D7 and 25-1 cDNAs arc predicted to encode integral 
membrane glycoproteins, 759 and 812 amino adds in matuct 
length, respectivdy. The predicted molecular masses of these 
receptors, 86 and 92 kD, arc substantially less than the '>'1S0 
kD inferred by affinity crosslinking, suggestmg that some 
or all of the nine potential N-linked glycosylation sites con- 
tain carbohydrate. The two receptors sluut identical octraoei- 
lular (603 aa) and transmembrane (26 aa) regions, as wdl as 
the first 96 rctidaes in their cytoplasmic regions, but have 
alternate COOH-terminal sequences of 34 retidues (D7) and 
87 residues (25-1). The nucleotide sequences of the two cDN As 
indicate that they are probably derived feom alternatively 
processed transcripts of the same gene, since they diSer only 
with respect to a 4l9-bp insert in the 25-1 cDNA that ap- 
pears to be an unsplioed mtron. A recently reported murine 
G-CSF receptor dDNA (25) encodes a protein that shows 
strong homology to both placental G-CSF receptors up to 
the splice point in the cytoplasmic domain, after which the 
homology continues only in the 25rl done, indicating it is 
the strict human homologue of the reported murine receptor. 
It is unclear if the reported murine G-CSF receptor cDNA 
sequence has the splicing potential to encode an alternate 
COOH-terminus. Inspection of the murine sequence reveals 
a very similar (murine, CAG GTCCTC; human, CAG 
GTCCTT) potential splice donor sequence located within 
the same DQ/VLY peptide sequence as the human 25-1 
cDNA. However, while there are potential splice acceptor 
sites in the murine sequence, translation of the sequences 
downstream in all three reading fiames reveal no significant 
homology to the D7 type CCX)H terminus. Thus, genera- 
tion of a D7*type cytoplasmic terminus in murine G-CSF 
receptors might be possible if an alternative splice acceptor 
site exists in 3' sequences of the murine gene. 

Differential splicing results in the tissue-spedfic oqncssion 
of transcripts encoding alternate cytoplasmic domains for at 
least two other cell surfece proteins, rat liver prolactin (PRL) 
receptor (65) and chicken NCAM (66). The tbsue specifidty 
of expression of the potential G-CSF receptor isoferms re- 
mains to be determined at both the mRNA and protein levd, 
but a prelimixaty analysis with spedfic oligonudeotide probes 
suggests human gtamdocytes express predominantly transcripts 
of the 25-1 type (data not shown). This raises the possibiUty 
that the D7 receptor is specifically expressed at higher levds 
in nonhematopoietic cells such as placenta, and suggests that 
the altemate cytoplasmic domains may confer fimctional ^Sa* 
enocs to the two receptors. It has been proposed that the smaller 
form of the PRL receptor fimctiom in ligaad transport across 
epithelial harden in liver rather than in signal transduction 
(65). By analogy the D7 isoform of the G-CSF receptor may 
serve to transpon or sequester G-CSF in placental tissues. 
Alternativdy, the two isoforms niay differ in signal trans- 
duction properties, reflecting in part, the diverse biological 
effects of G-CSF. While the signal transduction mechanism 
of the G-CSF receptor is undear, it is interesting that the 
25-1 receptor, unlike D7, docs contain one potential C ki- 
ruse phosphorylation site (46). Signal transduction may also 
be effected through a distinct subunit with which the ligand- 
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G-CSF receptor complex interacts, as u bund in the gpl30- 
IIr6 receptor system (67). Concdvably, this subunit may be 
gpl30 itself^ and it is interesting, in this regard, that IIr6 
and G-CSF show significant setjucnce homology (68), and 
their roocpton share a similar domain composition (see bdow). 
Both G-CSF receptor cytoplasmic domains contain a high 
proportion of Pro and Ser residues, like those of many other 
HP receptor fimiily members (44), the significance of which 
remains to be elucidated. The cytoplasmic sequence of these 
rccqfton may influence stability, cellular localization, or as- 
sociation with other membrane protons. 

The extraceDular region of the G-CSF receptor consists 
of three distinct regioiu of homology to other cell surfiice 
pxotciiu: (a) a ^90 residue NHrterminal Ig-like region, (b) 
a ^^200 residue HP receptor supcifunily^defiiiing region, and 
(c) ^300 residues of three tandem FN3-like repeats. Consis- 
tent with the proposal of Pitthy (62), the CCX)H-terminal 
100 residue segment of the HP receptor family-defining re- 
gion of the G-CSF receptor appears to be an FN3-like do- 
main, albeit one with an elevated 'Dp and Cys content that 
is unique among FN3 repeats. Since many protein domains 
are 100 residues m length, it is likdy that the NHrter^ 
rninal "cysteine-ricfa" or double-loop region of the HP receptor- 
ddEning region is, like the WSXWS<ontaining FN3 eleinent, 
a discrete structural domain. Thus, the structure of the G-CSF 
receptor extracellular region can be resolved into the 6 do- 
mains of 100 residues each shown schematically in Fig. 5. 
By this analysis, the G-CSF receptor appears to be a mosaic 
of four types of domains, two found associated only in HP 
receptors (double-loop and WSXWS-FN3) and two found 
together in NCAMs (NHrterminal Ig and membrane- 
proKxmal FN3s). Given the likelihood that the Ig superfamily 
molecules of the inunune system arose from NCAM-like an- 
ceston (48), it is tempting to speculate diat the G-CSF receptor 
retaiiu the domain structure of an early intermediate in the 
evolution of the HP receptor supeifamily from these same 
ancestors. Successive deletion of the terminal extracellular do- 
mains of a G-CSF receptor-like molecule could thus yield 
all known HP receptor domain structiires; deletion of the 
three FN3 domains yields an IL6 receptor-like structure, and 
further deletion of the Ig domain leads to the core domain 
structure of most HP receptors, which is duplicated in the 
case of the IL3 receptor. to such a proposal is determina- 
tion of the origin of the cysteine-rich or double-loop dpnuin, 
thus &r a unique domain fieature found only in the HP 
receptors, but which, like the Ig and FN3 domains, may also 
have arisen from a domain in some NCAM-like ancestor. 

The function of these structural domains b the G-CSF 
receptor is unclear. The HP receptor &mily<lefining r^on, 
which comprises the entire ectracellular region of many of 
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Hguc 5. Schanitsc icpmcntation of the ooxnbul stniciUR of hcnu- 
topoietiii ceeepton and a typtca] ocuza] oeU adlie&on molecalc l^Kke do- 
maim are ihown as laige loops. FN3 are sltowD as lecaDgular 
boxci The cystcine-rich, double-loop doroaiju of HP 
flrfimng ccgioiu axe shown as a pair of snuQ bopi. to rcpresait dte «fitn1ftA» 
pairing determioed for bumao growtb bozmoDC receptor (61). Tbe FN-3 
Hkc domam of HP receptor fnDofy^tSiujig regioni is ocngnatecl is a 
rectangular box crossed by a heavy bar repfcseacing the WSXWS moti£ 
Seijucooes represented are rat NCAM ( i r fr i niti 79 as drawn to 56), IL6 
receptor (57). and IL3 receptor (53). 

these receptors, presumably contains the ligand binding site 
of the G-CSF receptor. The Ig and extra FN3-like donuins 
of the G-CSF receptor may con&r additional activities to this 
receptor, similar to the comploc fiinctioiu recognized for these 
domains in other cell sur£ioe molecules. These generally ap- 
pear to involve participation in some form of cell recognition 
or adhesion. Both types of domaiiu are capable of homo- 
typic and heterotypic interactions (48, 69) that might lead 
to receptor self-assodation or binding to other proteins. Specific 
functions have been attributed to some type III repeats of 
fibronectin, including the binding of cells and heparin (70, 
71) and heparin binding activity is also a property of at least 
one oeura] cdl adhesion molecule (72). The potential (or simul- 
taneous recognition of heparin and G-CSF by the G-CSF 
receptor wotdd have interesting functional implications, es- 
pecially in light of the affinity of the heparin component of 
octracellular matrix for CSPi (73, 74). The particular response 
of a cell to G-CSF could thus depend on its adherence or 
that of G-CSF to the extracellular matrix. Alternatively it 
could allow G-CSF to mediate or specify interactions betijvtcn 
cells and matrix, thus, directing margination or chemotaids. 
The cloning of the human G-CSF receptor will provide re- 
agents useful in the further elucidation of the biological roles 
of G-CSF and may allow development of new diagnostic or 
thenpeutic agents. 
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The granulocyte colony-stimulating factor (G-CSF) 
receptor has a composite structure consisting of an 
inununoglobuiinag)-like domain, a cytokine receptor- 
homologous (CRH) domain and three Hbronectin type 
III (FNin) domains in the extracellular region. 
Introduction of G-CSF receptor cDNA into 
ILr3-dependent murine myeloid cell line FDC-Pl and 
pro-B cell line BAF-B03, which normally do not respond 
to G-CSF» enabled them to proliferate in response to G- 
CSF. On the other hand, expression of the G^SF 
receptor cDNA in the ILr2-dependent T cell line CTLLr2 
did not enable it to grow in response to G-CSF, although 
G-CSF could transiently stimulate DNA synthesis. 
Mutational analyses of the G-CSF receptor in FDC-Pl 
cells indicated that the N-terminal half of the CRH 
domain was essential for the recognition of G-CSF, but 
the Ig-like, FNm and cytoplasmic domains were not. The 
CRH domain and a portion of the cytoplasmic domain 
of about 100 amino acids in length were indispensable 
for transduction of the G-CSF-triggered growth signal. 
Key words: cytokine receptor family/granulocyte colony- 
stimulating factor/hemopoietic ccUs/signal transduction 



Introduction 

The proliferation and differentiation of hemopoietic cells such 
as granulocytes, macrophages, T cells and B cells are 
regulated by a family of cytokines including colony- 
stimulating factors (CSFs) and inierleukins (ILs) (reviewed 
in Meicalf, 1989). Granulocyte colony-stimulating factor (G- 
CSF) is a glycoprotein of 174 (human G-CSF) or 178 
(murine G-CSF) amino acids, and specifically stimulates 
colony formation of neutrophilic granulocytes from bone 
marrow cells (Nagata et ai, , 1986a,b; Tsuchiya et ai , 1986). 
G-CSF also stimulates proliferation of murine and human 
myeloid leukemia cells such as NFS-60 (Weinstein et ai , 
1986), AML-193 (Santoli etai, 1987) and OCyAML I 
(Nara et al,, 1990) cells, while murine WEHI-3B D+ and 
32DC13 cells can be induced by G-CSF to differentiate into 
granulocytes or monocytes (reviewed in Nicola, 1989; 
Nagata, 1990). G-CSF produced by stroma cells in bone 
marrow seems to play an essential role in maintaining the 
number of neutrophilic granulocytes in peripheral blood. G- 
CSF is produced also by macrophages stimulated with 
endotoxins (Metcalf and Nicola. 1985; Nishizawa and 
Nagaia, 1990), and by fibroblasts or endothelial cells treated 
with TNF-o or IL-l (Seclcntag er ai . 1987; Kocfflcr et al. , 



1988). The G-CSF thus accumulated in blood appears to be 
responsible for granulocytosis during die inflammatory 
process. Since administration of G-CSF to animals caused 
a marked granulopoiesis (Tsuchiya etai, 1987), the 
substance is currently under clinical trials for patients 
suffering from granulopenia (Morstyn et al., 1989). 

Despite the biological importance of G-CSF, its 
mechanism of signal transduction has not been elucidated. 
A single class of high affinity receptor for G-CSF 
[dissociation constant (K^ = 100 -500 pM) is present on 
the precursor and mature cells of neutrophilic granulocytes 
as well as myeloid leukemia cells (Nicola and Peterson, 
1986; Park etai, 1989; Fukunaga era/., 1990b). 
Purification of the G-CSF receptor from mouse myeloid 
leukemia NFS-60 cells has indicated that the receptor has 
an Mr of 100 000-130 000, and the monomeric form of 
this protein binds G-CSF with a low affinity (K^ = 
2.6-4.2 nM), whOe its oiigomeric forms show high affinity 
binding to G-CSF (K^ = 120-360 pM) (Fukunaga et ai, 
1990b). Recently, we have isolated the cDNAs for murine 
(Fukunaga etai, 1990a) and human G-CSF receptors 
(Fukunaga et a/. , 1990c); expression of these receptor 
cDNAs in monkey COS cells gave rise to proteins which 
specifically bound G-CSF with a high affinity, suggesting 
that the sirigle polypeptide encoded by the cDNA is sufficient 
to constinjte the high affinity binding site for G-CSF. 

Murine and human G-CSF receptors consist of 812 and 
813 amino acids, respectively, and contain a single 
transmembrane domain (Fukunaga etai, 1990a,c). In 
agreement with the fiact that G-CSF has no species specificity 
between human and mouse, the amino acid sequences of 
human and murine G-CSF receptors have a considerable 
similarity (62.5% identity) (Fukunaga et al , 1990c)! In the 
extracellular domain ( - 6()0 amino acids) of the G-CSF 
receptor, there is a region of - 200 amino acids which shows 
significant homology to the receptors for IL-3-7. 
erythropoietin and GM-CSF. and the j3<hain for the IL-2 
receptor (Bazan, 1990a). In die case of the G-CSF receptor, 
this region (referred to as the cytokine recejKor-homologous 
domain or CRH domain) is followed by a domain ( * 300 
amino acids) consisting of three fibronectin type III (FNIII) 
modules, which is homologous to chicken contactin 
(Fukunaga et al, . 1990a). The cytoplasmic region of the G- 
CSF receptor has a limited similarity to that of die IL-4 
receptor (Moslcy et ai. , 1989), and like other members of 
the cytokine receptor family, the region does not appear to 
contain the domain with kinase or other enzymatic activity. 
Very recenUy, the human cDNA for the IL-6 signal 
transducer. gpl30, was isolated (Hibi etai, 1990). The 
overall structure of gpl30 is remarkably similar to that of 
the G-CSF receptor, and the similarity of human G-CSF 
receptor and gpl30 is 46.3% on the amino acid sequence 
level, when conservative substimtions are included. 

In order to investigate the role of the G-CSF receptor in 
the G-CSF-dependeni signal transduction, we have expressed 
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the G-CSF receptor cDNA in various hematopoittic cell lines 
using a promoter of human elongation factor la gene. The 
G-CSF receptor could function as a transducer for the G- 
CSF-triggered growth signal in IL-3-depcndent FDC-Pl and 
BAF-B03 ceils, but not in IL-2Kicpendcnt CTLL-2 cells. 
Utilizing this expression system, we have identified the 
functional domains of the G-CSF receptor, 

Resuhs 

Establishment of call Unas expressing the C-CSF 
receptor 

Mouse myeloid precursor cell line FDC-Pl and pro-B cell 
line BAF-B03 require IL-3 for their growth, whereas the 
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growth of murine cytotoxic T cell line CTLL-2 is stricdy 
dependent on IL-2, In order to examine whether the cloned 
G-CSF receptor can transduce the G-CSF-triggercd signal 
in these cells, we have established transformed cell lines 
expressing the G-CSF receptor cDNA. For this purpose, wc 
took advantage of a recently constructed manunalian 
expression vector, pEF-BOS. which utilizes a constitutive 
promoter of the human polypeptide chain elongation factor 
la (EF-la) gene (Uetsuki et al,, 1989). and which works 
very efficiently in various cell lines (Mizushima and Nagata, 
1990). The pEF-BOS plasmid harboring a murine G-CSF 
receptor cDNA (pI62) (Fukunaga et ai , 1990a) or human 
G-CSF receptor cDNA {pHQ3) (Fukunaga etaL, 1990c) 
was transfected into FDC-Pl . BAF-B03 and CTLL-2 cells. 




Bound (pM) 




Fig. 1. Expression of mouse and human G-CSF receptor in hemopoietic cell lines. (A) G-CSF binding characicrisiics in transformam clones, (a) 
Saturation binding of ('"lIG-CSF to transformant clones expressing mouse G-CSF receptor cDNA. The cransformants derived from FDC-Pl, BAF- 
B03 and CTLL-2 were designated FD62, BA62 and CT62. respectively. 2.5 x 10^ cells/ml were incubated for 3 h at 4'C with various amounts of 
l'"l]C-CSF. The specific binding of ('"IJG-CSF to FD62-26 (•). BA62-1I (A) or CT62-12 (■) was determined as the difference between total 
binding and non-specific binding which was measured in the presence of 500 nM unlabeled G-CSF. (b) Scatchard plot of G-CSF binding data shown 
in (a). (B) Immunoblotting of mouse G-CSF receptor with anti-MR9 scoim. Cell lysaies prepared from parental cell lines, their ir^formam clones 
and NFS-60 were analyzed by immunoblotting with an anti-mouse G-CSF receptor serum (anti-MR9) as described in Materials and methods. As size 
markers. '*C-Iabelcd molecular weight sundards (rainbow marker. Amenham) were cicctrophoresed in parallel ('Marker' lane). The positions of the 
marure and less glycosylated G-CSF receptors are indicated by solid and open arrowheads, respectively. (C) Chemical cross-linking of the mouse and 
human C-CSF receptors with radiotodinated G-CSF. NFS-60. FDC-Pl and transformed cell clones (2x 10^ cells/ml) expressing mouse (FD62-26.- 
BA62-1I and CT62-I2) or human (FD3-25, BA3-I4 and CT3-3) G-CSF receptor cDNA were incubated for 3 h at 4*C with 500 pM ('"iJOCSF 
and chemically cross-linked with disuccinim'idyl suberate and disuccinimidyl ururate as previously described (Fukunaga ei ai, 1990b). The cell 
lysatc (50 /ig protein) was analyzed by SDS~PAGE. and the gel was dried and exposed to X-ray film. 
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together with a plasmid carrying the neomycin resistance 
gene. G418-resistant transformants were tested for the ability 
to bind ('"I]G-CSF, and several independent clones were 
isolated after limiting dilution from the binding-positive 
transformants. 

The properties of the G-CSF binding to these stable 
transformants were first examined. The parental FDC-Pl. 
BAF-B03 and CTLL-2 cells did not bind G-CSF. (data not 
shown). On the other hand, the cell clones of FD62, BA62 
and CT62, transformed with the mouse G-CSF receptor 
cDNA. bound G-CSF with high affinities (K^ = 1 10, 70 
and 200 pM, respectively) (Figure 1 A). The numbers of the 
G-CSF receptor expressed in clones of FD62 and BA62 were 
constantly 4000- 15 000 sites per cell, while clones of C- 
T62 expressed the mouse G-CSF receptor in the range 20 
000- 30 000 sites per cell. The transformants with the human 
G-CSF receptor cDNA (FD3, BA3 and CT3 cells) also 
expressed only a high affinity G-CSF receptor {K^ = 
170-300 pM) at 2400-20 000 sites per cell (data not 
shown). These values are consistent with our previous 
results obtained with COS cells (Fukunaga er ai , I990a,c) 
and confirm that the single polypeptide coded by the cloned 
G-CSF receptor cDNA is sufficient to constitute a high 
affinity binding site for G-CSF. 

For the immunological detection of the G-CSF receptor, 
two proteins containing a portion of the extracellular domain 
(MRl , amino acids 36-326) or cytoplasmic domain (MR9, 
amino acids 631 - 812) of the mouse G-CSF receptor were 
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produced in Escherichia coli, and polyclonal antibodies 
against these proteins were prepared in rabbits. An 
immunoblot using anti-MR9 antiserum identified three 
molecular species varying in apparent molecular size 
(125-135 kDa. 105-1 10 kDa and 85-90 kDa) in the 
n-ansformant clones as well as in mouse NFS^ ceUs which 
express the endogenous G-CSF receptor (Figure IB). The 
bands detected at - 30 kDa in the transformant clones are 
probably degraded forms of the receptor. The 125-135 kDa 
species seems to be the mature, cell surfoce receptor because 
the cross-linking of the cell surface receptor with radioactive 
G-CSF gave only a ligand- receptor complex with an 
apparent of 150- 160 kDa (Figure IC). The other two 
species are likely to be less glycosylated or non-glycosylated 
intermediates. The small difference in molecular sizes of the 
receptor (Figure IB and C) among the cell types could be 
due to difference in their glycosylation. (Tross-linking 
experiments also confirmed that the transformant clones 
FD3-25, BA3-14 and CT3-3 expressed human G-CSF 
receptor (Figure IQ. We have often observed an additional 
cross-linked complex with higher molecular size in cells 
expressing a large number of G-CSF receptors (Figure IC, 
indicated by an arrow). Since this complex has an of 
- 300 kDa, it may represent the cross-linked dimer of the 
G-CSF receptor with which ['^I]G-CSF was cross-linked. 
The immunoblot analysis sometimes showed a faint band 
at 125 - 135 kDa in the parental FDC-Pl , BAF-B03 and C- 
TLL-2 cells (Figure IB). This band seems to be a non- 
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Fig. 2. G-CSF-dcpendcnl DNA jynlhcsis of iransformants expressing mouse or human G-CSF receptor cDNA. Parental cells and their tr^formcd 
cell clones expressing mouse or human G-CSF receptor were cultured with 0-50 nM mouse G-CSF, and incorporation of (^H)thymidine into cells 
was measured. The results are presented as the percentage of the maximum (^H)ihy midline incorporation observed with lL-3 (A. B and C) or IL-2 
(D) in the respective cells. (A and B) FDC-Pl and its transformani doncs expressing the mouse (A) or human (B) G-CSF receptor cDNA. (O 
BAF-B03 and its transformant clones expressing mouse or human G-CSF receptor. (D) CTLL-2 and its transformant clones expressing mouse and 
human G-CSF receptor. 
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specific one because these ceils neither bound G-CSF nor 
gave the cross-linked complex with ['"I]G-CSF 
(Figure IC, data not shown). 

G-C$F receptor can transduce the growth signal in 
FDC-P1 and BAF-B03 ceils but not in CTLL-2 ceiis 
The effect of G-CSF on the growth properties of the 
iransformants expressing the G-CSF receptor was then 
examined by [^HJthymidine uptake assay. As shown in 
Figure 2, none of the parental cell lines responded to G-CSF. 
whereas transformants derived from FDC-Pl and BAF-B03 




Fig. 3. G-CSF-ilcpcndcnt long-icrm growth of transformanu 
expressing G-CSF receptor cDNA. Transfonnants growing in lL-3 or 
IL-2 were washed thoroughly and culturrd at 5 X 10* cells/ml in 
RPMI1640 containing 10% FCS and 500 pM mouse G-CSF. Cell 
numbers were counted daily and cell conccntrauons were kept less 
than 10^ cells/niJ by appropriate dilution with the same medium. 



responded to G-CSF in a concentration-dependent manner. 
In the FDC-Pl transformants, clones expressing murine G- 
CSF receptor (clones of FD62) responded slightly more 
efficiendy than the clones expressing human G-CSF receptor 
(clones of FD3). The maximum [^Hjthymidine uptakes of 
FD62 and FD3 obtained at > 500 pM G-CSF were 70-80% 
and 50-60%» respectively, of that observed with an excess 
of murine IL-3 (Figure 2A and B). In BAF-B03 
transformants, human and murine G-CSF receptors were 
equally effective, and the maximum response obtained at 500 
pM of G-CSF was almost comparable to that observed with 
mouse recombinant IL-3 (Figure 2C). In accordance with 
the high responsiveness of these transformants to G-CSF, 
500 pM G-CSF could support the long-term growth of clones 
of FD62. FD3, BA62 and BA3 in the absence of IL-3 
(Figure 3). On the other hand, G-CSF stimulated very 
weakly the DNA synthesis of the CTLL-2 transformants 
(clones of CT62 and CT3) (Figure 2D). The response was 
<30% of that observed with an excess of IL-2, and this 
weak responsiveness was insufficient to support the long- 
term proliferation or survival of these cells in the absence 
of IL-2 (Figure 3). 

Construction and expression of cDNAs carrying 
various mutations in the subdomains of the G-CSF 
receptor 

As shown in Figure 4, the G-CSF receptor contains a single 
transmembrane region which divides the molecule into two 
regions, the extracellular and the cytoplasmic. The 
extracellular region can be further divided into five 
subdomains, an immunoglobulin(Ig)-like domain, a CRH 
domain and three FNUI domains, based on homology with 
other proteins (Fukunaga et ai, 1990a; Bazan 1990a) and 
the exon-intron organization of the G-CSF receptor gene 
(Y.Seto, R.Fukunaga and S.Nagata, unpublished results). 
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Fig. 4. Summary of mutational analysis of the G-CSF receptor. The extracellular domain of the C-CSF receptor is putatively divided into five 
subdomains. an Ig-like domain, a cytokine receptor-homologous (CRH) domain and three fibronectin type lU (FNUI) domains (top). Four cysteine: 
residues and a WSXWS motif conserved in the CRH domain are also indicated. The deletion mutanu of mouse G-CSF receptor (mutants A. £, P. 
X. C. W. G and Y) and three varianu (variants 1 1, 7 and 17)« are shown schenuticatly below the wild-type receptor. The portions deleted in the 
mutants are represented by the dotted lines and the number of amino acids deleted in each mutant is indicated. In all wild-type and mutant cDNAs. 
the coding region fur ihc nurure protein is preceded by an N-terminat signal sequence, which is not shown in (he figure. The table at the right 
shows the C-CSF binding characierisiics of the muuted recepior and their abilities to transduce ihe G-CSF-triggercd growth signal. 
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In order to assign the functional domains of the G-CSF 
receptor, we have construaed a series of murine Q<1SF 
receptor cDNAs which have various deletions in these 
subdomains. In the first set of deletion mutants (mutants A. 
E, P and X), the cytoplasmic region of the receptor was 
progressively deleted from the C-terminal end up to amino 
acid positions 754, 724, 653 and 630, respectively 
(Figure 4). For the extracellular region, four deletion 
mutants (C, W, G and Y) were constructed. In addition to 
these constructions, we have used as mutants variant 
receptors whose cDNAs were isolated from human and 
mouse cDNA libraries. The human G-CSF receptor variant 
(mutant 11) contains a 27 amino acid insertion between 
amino acid positions 657 and 658 in the cytoplasmic domain 
(Fukunaga et aL, 1990c), while murine variants cany the 
deletion of the C-terminal half of the third FNUI domain 
(mutant 7) or the C-ierminal half of the CRH domain (mutant 
17) (Figure 4). These G-CSF receptor variants seem to be 
generated by alternative splicing of the precursor RNA 
(Y.Iioh, E.Ishizaka-Ikeda. Y.Seio, R.Fukunaga and 
S.Nagata, unpublished results). 

FDC-Pl cells were transformed with expression plasmids 
carrying the mutated cDNA as described above. Stable 
transfonmants expressing each mutant were isolated and 
designated FD-A, FD-E, FD-P and so forth. Expression of 
the mutated receptor in these transformants was first analyzed 
by immunoblot analysis using anti-MR9 antiserum. As 
shown in Figure 5 A, the mature and less glycosylated 
receptor with molecular weights expected from the size of 
the deletion was observed in all transformant clones except 



for clones of FD-P and FD-X, which were transformed with 
mutants containing little or no part of the MR9 polypeptide. 
A relatively weak intensity observed in mutants A and E 
was also due to deletion of parts of the cytoplasmic domain. 
An immunoblot with anti-MRl antiserum recognizing a part 
of the extracellular domain of the mouse G-CSF receptor 
showed bands in transformant clones for all mutants except 
for the mutant W which had a deletion of the region 
recognized by anti-MRl serum (Figure 5B). Furthermore, 
as shown in Figure 5C, cross-linking with (*23i]G-CSF 
gave a complex of the expected size in all transfonmant clones 
which bind G-CSF with a high affinity (Figure 4). In 
contrast, no cross-linked complex was observed in clones 
FD-17 (Figure 5C, lane 6), FD-G, FD-W and FD-Y (data 
not shown) which have a low or undetectable affmity to G- 
CSF (Figure 4), Expression of a variant of the human G- 
CSF receptor in FDl 1-10 cells was confirmed by the cross- 
linking experiment (Figure 5C). These results indicate that 
all mutants of the G-CSF receptor were expressed in the 
transformants, although the expression levels of mutants C, 
7 and G, which have deletions in the FNIE or Ig-like domain, 
were relatively low in all clones so far tested (Figures 4 
and 5). 

The CRH domain is responsible for binding of G-CSF 
Using the FDC-Pl transformants expressing the mutated G- 
CSF receptor, we have located the region of the receptor 
essential for binding of the ligand. Typical Scatchard plots 
of the G-CSF binding data with these transformants are 
shown in Figure 6, and summarized in Figure 4. The mutant 
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Fig. 5. Expression of G-CSF receptor mutants in FDC-Pl irBJurormants. (A and B) Cell lysates of FDC-P I -derived transformants expressing wild- 
type or mutant cDNA of mouse G-CSF receptor were analyzed by inununoblotiing with the anti-MR9 anttsenim (A), or anti-MRl antiserum (B) as 
described in Figure IB. (C) The wild-lype and mutant C-CSF receptors expressed in FDC-Pl transformants were cross-linked with ('^^l}C-CSF and 
analyzed as described in Figure I C. The cell lysaie of 50 >ig (lanes I -5), 200 pg (lanes 6-8) or 100 #ig (lanes 9 and 10) protein was 
elearophorcsed. 
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X, containing only five amino acids in the cytoplasmic 
region, as well as mutants A, £» P and 1 1 , could bind G- 
CSF with the same affinity as the wild-type receptor {K^ - 
200 pM). These results indicate that the truncations or 
mutations in the cytoplasmic region do not affea the 
extracellular binding of G-CSF to the receptor. 

Two mutants containing deletions in the FNm domains 
(mutants 7 and C) could bind G-CSF with high affinities, 
although mutant C showed slightly lower affinity (K^ = 
480 pM) than the wild-type receptor. On the other hand, 
mutant 17, which lacks the C-terminal 108 amino acids of 
the CRH domain, and mutant G, which lacks the Ig-like 
domain, bound G-CSF with -50- and 20-fold higher 
values {/fj = ll.O and 3.7 nM), respectively, than the 
wild-type receptor (Figures 4 and 6). The deletion either in 
the N-teiminal half or in the entire region of the CRH domain 
(mutants Y and W) resulted in total inability to bind G-CSF. 
These results indicate that the N-terminal region of the CRH 
domain plays an essential role in the binding of G-CSF. 

The CRH domain and part of the cytoplasmic region 
are necessary for signal transduction 
We have then examined whether mutated G-CSF receptors 
are able to transduce the G-CSF-thggered growth signal into 
cells. Figure 7A shows the G-CSF dependent (^HJthymid- 
ine uptake of the transformants expressing the mutated G- 
CSF receptor. Clones of FD-A and FD-E responded to G- 
CSF in a concentration-dependent manner, although the 
maximum response of FD-E clones was lower than that 
obtained with die wild-type G-CSF receptor. Qones of FD-A 
and FD-E could be maintained in the medium containing 
G-CSF instead of IL-3 (Figure 7B). On the other hand, G- 
CSF neither stimulated the DNA synthesis of FD-P and FD- 
X clones nor supported their long-term growth (Figure 7 A 
and B). These results suggest that the 99 amino acid portion 
from position 626 to 724 in the cytoplasmic region is essential 
for transduction of the G-CSF-lriggered growth signal into 
FDC-Pl cells. FDl 1 clones expressing the molecule which 
contains a 27 amino acid insertion responded weakly to G- 
CSF, and were able to grow slowly in the medium containing 
G-CSF. 

G-CSF weakly stimulated ('HJihymidine uptake of FD-7, 
FD-C and FD-G clones (Figure 7A) and these clones could 
be maintained in the medium containing G-CSF (Figure 78), 
suggesting that neither Ig-like nor FNIII domains are 
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Fig. 6. Scatchard analysis of mutant G-CSF receptors expressed in 
FIX-PI transformanis. Ceils of trans fomianls FD-XII (2.5xlC^ 
cclls/ml). FD-CIO. FD7-3. FDI7-4 (lO' alls/ml) and FIXjS 
(2.7x10^ cclls/mJ) were incubated with various concentrations of 
('"IJC-CSF for 3 h at 4*C and specific binding was determined as 
described in Figure I A. 
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involved directly in signal transduction. As expected from 
the total inability of the mutants W and Y to bind G-CSF, 
these receptors could not respond to G-CSF at all. It may 
be noteworthy that a weak (^HJthymidine uptake 
independent of G-CSF and IL-3 was djserved in some clones 
of FD-C, FD-G and FD-Y cells (Figure 7A). Interestingly, 
mutant 17, which contained a deletion in the C-terminal half 
of the CRH domain, was completely inactive in signal 
transduction even in the presence of 50 nM G-CSF 
(Figure 7A). which should be sufficient for the binding of 
G-CSF to diis mutant (Figures 4 and 6). These results suggest 
that the CRH domain of the receptor plays an essential role 
in signal transduction by G-CSF. 



Discussion 

C'CSF receptor is able to function as a growth signal 
transducer in IL-S-dependent cells but not in 
IL-2-dependent cells 

To explore the signal transduction mechanism of the newly 
identified cytokine receptor ^mily (Bazan, 1990b). it is 
essential to introduce the receptor cDNAs into various cells, 
e^jecially hemopoietic cells. However, the expression of 
cDNA in hemopoietic ceUs is not an easy task. In this report, 
we have successfully used the promoter of human EF-la 
gene to express the G-CSF receptor cDNA in various 
hemopoietic cell lines (Figure 1). The expression level of 
the G-CSF receptor driven by the EF-la promoter in murine 
FDC-Pl cells was - 100 limes greater than that driven by 
a CMV promoter (unblished observation). 

Expression of the G-CSF receptor in IL-3-depcndent FDC- 
Pl or BAF-B03 cells enables these cells to grow in response 
to G-CSF (Figures 2 and 3). These results clearly indicate 
that the G^TSF receptor encoded by the cloned cDNA is 
sufficient to transduce the growth signal into cells, and 
suggest the presence of a conunon signal transducing 
pathway for the IL-3 and G-CSF systems. Introduction of 
protein kinases such as v-src. v-abl and v-fms into 
IL-3-dependent cells abrogated the dependence of cells on 
IL-3 (Cleveland et aL, 1989). Stimulation of cells with IL-3 
induces the phosphorylation of tyrosine residues in a set of 
proteins, suggesting that some tyrosine kinase is involved 
in signal transduction by IL-3 (Koyasu et a/.. 1987; Isfort 
et a/.. 1988). RecenUy. Isfort and Ihle (1990) have shown 
that IL-3 and G-CSF stimulate tyrosine phosphorylation of 
the same protein (pp56) in NFS-60 cells. It is possible that 
the pp56 protein is one of the signal transducing molecules 
conunon in IL-3 and G-CSF systems. 

Hatakeyanw et al. (1989b) introduced the cDNA for the 
^<hain of IL-2 receptor into lL-3-dcpendent BAF-B03 cells. 
Since the BAF-B03 cells expressing IL-2 receptor could 
grow in the presence of IL-2, these authors posmlated 
common signal transduction pathways in the lL-2 and IL-3 
systems. However, G-CSF did not support the growth of 
the IL-2-dependent CTLL-2 cells u^sformed with the G- 
CSF receptor cDNA, though these cells expressed the high 
affmiiy G-CSF receptor in a large amount (Figure 1). These 
results may suggest that the signal transducing pathways 
downstream of the receptor are similar but different in the 
G-CSF and IL-2 systems, and that CTLL-2 cells are deficient 
in some components which are necessary for G-CSF- 
iriggered signal transduction. 



Functional domains of the G-CSF receptor 



Homodlmer and heterodimer of the cytokine receptor 
As shown in Figure 8, recent analyses on the structure of 
cytokine receptors and reconstitution of the receptors using 
their respective cDNAs have revealed that the receptors for 
IL-6. IL-2 and GM-CSF consist of two different subuniis 
(Hatakeyama era/.. 1989a: Hibi etaL, 1990; Hayashida 
ei al. , 1990). The a-chain of each receptor binds its tigand 
with low affinity, and the second chain 09-chain) is necessary 
for formation of the high affinity binding site and for 



transduction of the signal. In contrast, the single polypepdde 
of the G-CSF receptor constituted a high affinity binding 
site for G-CSF, not only in hemopoietic cells (Figure lA) 
but also in epithelial cells such as COS cells (Fukunaga et al. , 
1990a,c) and C127I cells (unpublished observation). 
Previously, we have shown that the monomer of the purified 
G-CSF receptor has a low affinity for G-CSF, whereas its 
dimer or oligomer constitutes a high affinity binding site for 
G-CSF (Fukunaga etaL, 1990b). Since the dissociation 
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Fig. 7. G-CSF-dcpcndent growoh of tnmifomianu expressing mutani G-CSF recepior. (A) G-CSF-dcpcndcni I^Hlihymidinc incorporation into cells. 
pHJlhymidinc incorporBlion was measured with several indepcndcni clones of individual FDC-Pl iransfonmants expressing ihe mutant receptor as 
described in Figure 2. (B) G-CS F-depcndem long-term prolifc ration of the iransformants expressing mutant G-CSF receptor. Iitcrcase in cell number 
of FDC-Pl iransformants expressing che mutant recepior in the presence of 20 nM (for FD-C transformant) or 500 pM (for other transformants) G- 
CSF was counted as described in Figure 3. Doncd lines indicate the grovk^ih curve of FD-XI I and FD-W7 cells in the presence of 
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Fig. 8. Schematic representation .of homo- and hctcnxlimeric siiuctures of functional, high affinity reccpton for G-CSF. CM-CSF, [L-2 and IL-6. 
The CRH domains containing the conserved cysteine residues (thin ban) and the 'WSXWS* motif (thick bar) are indicated by shaded boxes. The 
gplBO protein (the ^-chain of the IL-6 receptor) shows remarkable homology with the G-CSF receptor except for a C-ierminal pan of the 
cytoplasmic domain. The numbers indicate the percentage of identical amino ackls in each subdomain. The numbers in parentheses show the 
pereentage of homology including the conservative substitutions. 



constant observed in intact cells is similar to that obtained 
with the dimer of the purified G-CSF receptor, it is likely 
that the G-CSF receptor exists as a dimer on the cell surface. 
Indeed, the cross-linking of the receptor with ['^I]G-CSF 
suggested the existence of a dimer of the receptor 
(Figure IC). Availability of the antibody against the G-CSF 
receptor will make it possible to clarify the mechanism of 
the receptor dimerization in more detail. 

Ligand binding domain of G-CSF receptor 
Since the IL-4, IL-7 and erythropoietin receptors and the 
|9-chain for the IL-2 receptor contain only the CRH domain 
in the extracellular region, it was postulated that this domain 
is involved in binding of the ligand (Bazan, 1990b). The 
present study using deletion mutants of the G-CSF receptor 
agrees with the above hypothesis. The receptor deleted in 
the C-terminal half of the CRH domain (mutant 17) could 
bind G-CSF with low affinity, while the mutants lacking the 
N-terminal region of the CRH domain (mutants W and Y) 
completely lacked the ability to bind G-CSF, suggesting that 
the N-terminal half containing the four conserved cysteine 
residues is indispensable for binding the ligand. Recently, 
Bass f/ a/. (1991) have also shown that the hormone binding 
delerminanis of the growth hormone receptor is in the 
cysteinc-rich region of the CRH domain. 

The fact that mutants G and 17 bound G-CSF with low 
affinities suggests that the Ig-like domain and/or the C- 
terminal portion of the CRH domain may participate in the 
recognition of G-CSF, although it is possible that deletions 
in these domains simply caused some steric hindrance or 
conformational change in the ligand-binding site. An 
alternative possibility is that these domains are responsible 
for dimerization of the G-CSF receptor. The latter possibility 
may explain why these mutants showed low affinity binding 
to G-CSF with values (3.7 and 1 1 nM) similar to those 
observed with the monomeric protein of the purified G-CSF 
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receptor (2.6-4.2 nM, Fukunaga etai, 1990b). No 
cytokines showed a significant homology to G-CSF except 
for IL-6, which has a limited similarity to G-CSF (Nagata, 
1990). Nevertheless, the CRH domain, which is the ligand- 
binding domain of the cytokine receptor molecule, showed 
a significant homology among these cytokines (Bazan, 
1990b). Bazan (1990a) has recently proposed, based on the 
extrapolation from their primary structures, that these 
cytokines may have similar tertiary structure. Detailed 
mutational analysis of the ligand and the CRH domain, as 
carried out with growth hormone (Cunningham and Wells, 
1989; Bass et aL, 1991). may reveal the mechanism through 
which different cytokines specifically recognize their own 
receptor. 

Signal transducing domain of the G-CSF receptor 
In the two mutants showing low affinity binding to G-CSF, 
the mutant G could respond to high concentrations of G- 
CSF, whereas the mutant 17 was totally inactive (Figures 
4, 6 and 7). This result suggests that the C-terminal region 
of the CRH domain is indispensable for the signal 
transduction triggered by G-CSF. This C-terminal region, 
which contains the 'WSXWS* motif, may play a role in 
transducing some conformational change induced by the 
binding of G-CSF across the membrane to the cytoplasmic 
domain of the molecule. Alternatively, if the region deleted 
in the mutant 17 is involved in the formation of the dimeric 
receptor as discussed above, this result may imply that 
dimerization of the G-CSF receptor has a significance in 
signal transduction, as suggested in the cases of PDGF and 
EGF receptors (Hcldin et al , 1989; Bishayee et at., 1989; 
Spaargaren e/a/., 1991). In the ['Hjthymidine incorpor- 
ation assay, the transformants expressing mutants G, C and 
7 responded weakly to G-CSF (Figure 7 A) but were able 
to grow slowly in the presence of G-CSF (Figure 7B). The 
Ig-like and FNIII domains, therefore, do not seem to play 



Fufkw-tiona] domains of the G-CSF receptor 



Boxl 

mCCSFR (630-6d3) 
hCCSFR (632-643) 
KIL6RP (648-461) 
mIL3R {47M86) 
hGMCSFRP(«7l-^) 
hIL3Rp a49-262] 
hIL7R (2*^262) 
v-mpl (177-190) 
m]L4R (335-248) 
mEPOR (279-292) 

Box2 




DP^ABlS 

D p IahI s 

DP SKS 
'NiP SKS 
;NiP SKS 
DP S K[F 



ISK I 
QQK 



inCCSFR(674-683) 


;i:T ZlL 


Z 


E:D 




K 


K 


P 


hGCSFR<67V6B3) 


iLiT viL 


E 


E:D 


E 


K 


K 


P 


hJL6RP (693-703) 


iViVEil 


E 


a[n 


D 


K 


K 


P 



Box3 

mGCSFR(73»-733) 
hCCSFR(739-7J4i 
hIL6RP(772-7B7) 



SV M Q:T:J 

gIp g hIyIl 



SjVQ V:FjS[RjSiE 



S:D 
C:D 



S T QP L L 
S TQP LL 
S TQP L L 



Fig. 9. The amino acid sequences conserved in the cytoplasmic 
domains of the G-CSF receptor and the /3-chain Cgpl30) of the IL-6 
receptor. The amino acid sequences of the corresponding regions of 
murine G-C5F receptor (mGCSFR, Fukunaga ft a/.. 1990a). human 
G-CSF receptor (hGCSFR. Fukunaga et ai., 1990c) and the ^-chain of 
human IL-6 receptor (gpl30) (hIL6Rj9. Hibi ei ai. 1990) are aligned. 
The amino acid sequence of the Box 1 region of murine f L-3 receptor 
(Itoh rr a/.. 1990). the j3-chatn of human GM-CSFR (Hayashida «r ai, 
1990). the |9-<hain of human IL-2 receptor (Hata)ceyama et a/.. 
1989a). human IL-7 receptor (Goodwin ft a/., 1990). v-mpl (Sooyri 
etai, 1990), murine lL-4 receptor (Mosley et ai, 1989) and murine 
erythropoietin receptor (D'Andrra ft a/., 19S9) arc also shown. 

essential roles in signal transduction. Binding experiments 
using [*^I]G-CSF and Western blotting analysis have 
indicated that the numbers of the receptor expressed in these 
cells are lower than those in cells expressing the wild-type 
receptor (Figures 4 and 5). These results suggest that deletion 
of the FNin domains may render the molecule unstable. The 
tow response of these cells to G-CSF may be partly due to 
the poor expression of these mutant proteins. 

The progressive deletion of the cytoplasmic region of the 
G-CSF receptor identified a region of 99 amino acids 
(positions 626-724) which seems to be essential for signal 
transduction by G-CSF in FDC-Pl cells. This region may 
constitute a domain of an unknown enzyme activity or 
associate with other molecules which transduce the signal. 
Previously, we have noticed that the cytoplasmic region of 
the G-CSF receptor has a similarity to that of the IL-4 
receptor (Fukunaga et al. , 1990a). However, the homology 
between the cytoplasmic regions of the G-CSF receptor and 
the newly isolated gpl30 (the i3-chain) of the IL-6 receptor 
(Hibi etaL, 1990) is much more pronounced (Figure 8). 
As shown in Figure 9. three stretches of amino acid 
sequences (Boxes 1 -3) are highly conserved between the 
G-CSF receptor and gpl30, and two of the sequences (Boxes 
1 and 2) are in the region which is critical for the signal 
transduction of the G-CSF receptor. IL-6 works on various 
cells including B cells, T cells and myeloid cells, and the 
gpl30 seems to be responsible for the signal transduction 
triggered by IL-6 (Hibi et al . 1990). The conserved region 
identified above may also be involved in signal transduction 
through the gpl 30 in the IL-6 system. In this regard, it may 
be noteworthy that the sequences similar to *Box T can be 
found in the cytoplasmic region of receptors for IL-3, GM- 
CSF, IL-2, IL-7, IL-4 and erythropoietin, and in a recently 
identified oncogene v-mp/ (Figure 9). In addition lo the 
stimulation of cell proliferation, G-CSF and IL-6 have an 



ability to induce cells to differentiate. Whether or not the 
region involved in transducing the differentiation signal is 
identical to the region for the growth signal remains to be 
studied. 

Materials and methods 

Ceils and cefl culture 

Murine myeloid leukemia cell lines, NFS^ cells (Wetnstcin et al, , 1986) 
and FDC-Pl cells (Dexter et al. . 1980) were kindly provided by Dr J.N.Dile 
(Si Jude Children's Research Hospital). Mouse pro-B cell line, BAF-B03 
(Hatakeyama et at, , 1989b) and mouse cytotoxic T cell line, CTLL-2 (ATCC 
TIB 214) were provided by Dra M. Hatakeyama and T.Taniguchi (Institute 
for Molecular and Celhtlar Biology. Osaka University). NFS-60. FIXT-Pl 
and BAF-B03 cells were maintained in RPM11640 medium supplemented 
with 10% fetal calf serum (FCS. Hyclone) and 10-20 U/ml of recombinant 
mouse IL-3 (Fukunaga etal., 1990b). CTLL-2 cells were grown in 
RPMI 1640 medium containing !0% FCS and 10 ng/nU recombinant human 
lL-2 which was kindly provided by Dt H.Matsui (Ajinomoto Co.. Tokyo). 

Plasmid construction 

Plasmid pI62 carrying the full length cDNA for mouse G-CSF receptor 
in CDM8 vector has been described previously (Fukunaga et al., 1990a). 
Two variant cONAs, pGl 7 and pFl . were obtained from the NFS-60 cDNA 
library (Fukunaga et al, , I990ta) by colony hybridization with the cDNA 
of pI62 as a probe, and will be described elsewhere in detail. The Xba\ 
cDNA fragment was excised from pI62, pG17 and pFl. and inserted into 
the Xba\ site of a mammalian expression vector pEF-BOS (Mizushima and 
Nagata. 1990) to produce pBOS-162 (wild-type foxptor), pB0S-G17 (variant 
17) and pB0S-JF7 (variant 7). The expression plasmid for the wild-iype 
human G-CSF receptor (pHQ3) and its variant 11 (pQWll) has been 
described previously (Fukunaga etal.. 1990c). 

For the construction of mutants containing the deletion in the cytoplasmic 
domain of mouse G^SF receptor, pI62 was digested with either XmnI (at 
2140), BspH\ (ai 2209). BstEH (at 2421) orApal (at 2516), and if necessaiy. 
ends were blunted with the Klenow fragment of E.coli DNA polymerBSC 
1 or T4 DNA polymerase. An Xbal linker (CTCTAGAC), which allows 
the addition of a leucine residue followed by an in-frame tennination codon. 
was ligated to the blunt-ended DNA and digested with Aba I. The Xbal 
fragments containing the G-CSF receptor cDNA were then inserted into 
pEF-BOS to generate pBOSdXmn (mutant X), pBOSdBsp (mutant P). 
pBOSdBstE (mutant E). and pBOSdApa (mutant A). 

To construct pBOSdWS (mutant W). pBOS-162 was digested with Kpnl 
(at 1829) and Bglll (at 358), and the Bgtl]~Kpnl DNA fragment derived 
from the cDNA was digested with XhoU (at 1223 and 1288). The 
XhoU-Kpnl DNA fragment was separated using agarose gel electrophoresis 
and inserted into pBOS-162. which was digested with fCpnl (at 1829) and 
partially digested with Bgt\\ (at 358). For the construction of pBOSdCON 
(mutant C). pI62 was digested with £roT221 (at 1 106) and BjpHl (at 2209). 
and the £cioT22l - BspH\ cDNA fragmem was digested with XhoU (ai 1223. 
1288 and 2045). The 117 bp £roT221-X7ion and the 164 bpX7rolI-&pHl 
DNA fragments were then ligated with pI62 digested with £coT22I and 
SjpHI. The Xba\ DNA fragment of the resultant plasmid was inserted into 
pEp-BOS to produce pBOSdCON. To construct pBOSdlg (mutant G). the 
cDNA fragment of pI62 was digested widi Taql (at 265. 838 and 2000). 
treated with Klenow fragment and digested with ///ndlll (at 162) to yield 
a 103 bp //mdHJ-TofKblunt) fragment. In addition to this fragment, ihc 
cDNA fragment of pl62 was digested with TrAil 1 1 1 (at 297. 501 and 1938). 
blunt -ended and digested with Kpnl (at 1829). The 103 bp 
//imini'TofKblunt) fragment and the 1.33 kb T/M 1 lI(blunl)-X/mI 
fragment were ligated together with a 6.3 kb HiniSl—Kpnl fragmem, which 
was prepared by digestion of pB05-I62 with Kpnl (at 1829) and ///ndlll 
(partially al 162} to produce pBOSdIg. To construct pBOSdlCy (mutant 
Y). the cDNA fragment of pI62 was digested with Taq\ (at 265. 838 and 
2000). //mdlll (at 162) and Kpnl (at 1829); the 103 bp Hindlll-Taql 
fragment and 991 bp To^l - Kpnl fragment were then ligated with the 6.3 kb 
Hin<^l\l~Kpnl fragment described above. All constructions were confirmed 
by restriction enzyme mapping and DNA sequencing aiialysis. 

Transfection of DNA 

Cells were trans fccied with plasmid DNAs by elect roporation (Poner et al.. 
1984). The cleciroporaiion was carried out using Gene Pulscr (BioRad) 
essentially according to the manufacturer's instructions. In brief. 8x10^ 
cells were suspended in 0.8 ml of phosphaie-buffcied sucrose {7 mM sodium 
phosphate buffer (pH 7.4). 270 mM sucrose and I mM MgCI;]. Eighty 
micrograms of the C-CSF receptor expression plasmid which had been 
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linearized by digestion M^ih Apall, and 2 ;ig of XTioI-digestcd pSTneoB 
(Katoh et aL , 1987) were added to the cell suspension, which was incubated 
on tee for 10 min. Cells were exposed to a 350 V pulse with a capacitance 
of 25 jiF. and returned to ice. After incubation on ice for 10 min. cells 
were dihited with 50 ml of RPMI 1640 medium/ 10% FCS containing IL-3 
or fL-2, and cultivated in 24-welI plates. Tnmsfected cells were selected 
by culniring cells in medium containing 18 at a final concentration of 
0.5mg/ml (for FDC-PK and CTLL-2) or 2 mg/ml (for . BAF-BQ3). 
Subclontng of the transfccted cells was carried out by limiting dihition. 

Cefi proUferatitm assay, binding of G-CSF and chemical cross- 
tinkJng 

1 .5 X 10* cells (100 pi) were mixed with various concentrations of G-CSF. 
lL-3 or IL-2 in 96-well microtiter plates. After incubation at 37*C for 22 
h. 0.5 pC\ of [^Hlthymidine (specific activity. 74 Gfiq/mmol) was added 
per well and further incubattd for 4 h at 37 *C prior to harvest. 

Radioiodination of murine recombinant GCSF, binding of ['^I]G-CSF 
to cells, and chemical cross-linking were performed as described previously 
(Fukunaga etai, t990a.b). 

Preparation of antibodJas against tnufina G-CSF receptor 
Two different anti-mouse G-CSF receptor sera (anti-MRl and anti-MR9) 
recognizing either a portion of the extracellular domain (amino acid positions 
36-326) or the cytoplasmic domain (positions 631-812) were prepared 
as follows. The corresponding regions of murine G-CSF receptor were first 
produced in E.coli using the expression system developed by Studier et ai 
(1990). The expression vector pGEMEX-1 (Promega) was digested with 
J^el and BamH\ and the ends were filled in using the KJenow fragment. 
The DNA was religated to generate pEX. in which the phiiO gene was 
deleted and the BamHl site was placed immediately downstream of an ATG 
initiation codon. To express the extracellular portions of murine G-CSF 
receptor, the 865 bp XhoU DNA fragment (nucleotide position 358- 1223) 
of pI62 was inserted into the BamHl site of pEX to generate pEX-MRI. 
To express the cytoplasmic region of murine G-CSF receptor, pGEX-MR9 
was constructed by ligating the 9CX) bp Xmnl—Sphl DNA fragment 
(nucleotides 2140-3126) of pI17 (Fukunagaw ai. , 1990a) with the HincU- 
and 5;7AI-digcsted pGEMEX-1 vector. 

Lcoli BL2 1(DE3)pLysS (Studier et al . 1990) was transformed with pEX- 
MRl or pGEX-MR9, and the relevant products were purified essentially 
according to the method described by Sambrook et at, (1989). When the 
cell.lysates were centrifuged, most of the recombinant proteins were found 
in inclusion bodies of the precipitate. After successive washing with HiO 
and 0. 1 M Tris-HCI (pH 8.5) containing 2 M urea, the precipitates were 
dissolved in a solubilizing buffer (50 mM Tris-HO (pH 8.0), 1 mM 
EDTA, 100 mM NaCI containing 8 M urea and 0.1 mM APMSF]. The 
G-CSF receptor polypeptides were purified by gel filtration on an AcA 54 
column which was equilibrated with the solubilizing buffer, and dialyzed 
against phosphate-buffered saline (PBS). The purified proteins, which were 
>90% pure, were used to immunize rabbits to obtain the antisera. 

Immunoblot anaiysis 

About 2x10^ celts collected by centrifugal ion were suspended in 100 ti\ 
of PBS containing a mixture of protease inhibitors (Fulcunaga et ai. , 1990b), 
lysed by adding an equal vol of 2x sample buffer (0,125 M Tris-HCI 
(pH 6.8), 4% SDS. 20% glycerol, 5% 2-mcrcaptoethanoI] and sonicated 
to shear genomic DNA, After healing at 95 'C for 5 min. the samples were 
elcarophoresed on a 4-20% gradient polyacrylamidc gel. Electroblotting 
of proteins to a GVHP membrane filter (Millipore) was performed as 
described previously (Fukunaga et ai. . 1990b). The blotted filter was rinsed 
with Block Ace (Dainippon Selyaku. Co. . Japan) for 60 min at 37*C, washed 
three times with PBS and once with TPBS (PBS containing 0. 1 % Tween 
20), and Incubated with 10 ml of TPBS containing 10% Block Ace and 
1 tii of anti-MRl serum or 0. 1 p] of anti-MR9 serum for 60 min at room 
temperature, the filter was then washed three times with TPBS and incubated 
wtdi 10 ml of TPBS containing 10% Block Ace and 18.5 kBq/mJ '"l- 
labelcd F(ab')2 fragment of donkey anti-rabbit Ig antibody (Amcrsham).- 
After incubation for 60 min at room temperature, the filter was washed 
six times for 10 min each with TPBS. dried and subjected to autoradiography. 
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